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Abstract 


Analytical  Modeling  of  Medium  Access  Control  Protocols  in  Wireless  Networks 

by 

Marcelo  Menezes  de  Carvalho 

A  new  modeling  framework  is  introdueed  for  the  analytieal  study  of  medium  ae- 
eess  eontrol  (MAC)  protoeols  operating  in  multihop  wireless  ad  hoe  networks,  i.e.,  wireless 
networks  eharaeterized  by  the  laek  of  any  pre-existent  infrastrueture  and  where  partieipating 
deviees  must  eooperatively  provide  the  basie  funetionalities  that  are  eommon  to  any  eom- 
puter  network.  The  proposed  modeling  framework  foeuses  on  the  interaetions  between  the 
physieal  (PHY)  and  MAC  layers,  and  on  the  impaet  that  eaeh  node  has  on  the  dynamies  of 
every  other  node  in  the  network.  To  aeeount  for  the  effeets  of  both  eross-layer  interaetions 
and  the  interferenee  among  all  nodes,  a  novel  linear  model  is  introdueed  with  whieh  topol¬ 
ogy  and  PHY/MAC-layer  aspeets  are  naturally  ineorporated  in  what  we  define  as  interferenee 
matriees.  A  key  feature  of  the  model  is  that  nodes  ean  be  modeled  individually,  i.e.,  it  al¬ 
lows  a  per-node  setup  of  many  layer-speeitie  parameters.  Moreover,  no  spatial  probability 
distribution  or  speeial  arrangement  of  nodes  is  assumed;  the  model  allows  the  eomputation  of 
individual  (per-node)  performanee  metries  for  any  given  network  topology  and  radio  ehannel 
model. 

To  show  the  applieability  of  our  modeling  framework,  we  model  wireless  ad  hoe 
networks  that  operate  aeeording  to  the  IEEE  802.11  standard.  To  aeeomplish  this,  we  present 


a  eomprehensive  analytieal  modeling  of  the  IEEE  802.11  and  the  derivation  of  many  perfor- 


mance  metrics  of  interest,  such  as  delay,  throughput,  and  energy  consumption. 

Following  recent  advances  in  communication  technologies,  we  also  investigate  the 
use  of  multiple  antenna  elements  in  both  ends  of  the  wireless  link  to  conduct  the  first  analyt¬ 
ical  modeling  of  wireless  ad  hoc  networks  that  considers  the  impact  of  realistic  antenna-gain 
patterns  on  network  performance.  As  such,  our  modeling  approach  allows  the  study  of  ad 
hoc  networks  in  which  nodes  are  equipped  with  directional  antennas,  i.e.,  systems  of  antennas 
that  are  able  to  transmit/receive  energy  over  intended  directions.  This  modeling  capability 
stands  out  from  all  previous  analytical  models,  which  have  only  dealt  with  omnidirectional  or 
over-simplified  anfenna  gain  paffems,  and  which  have  nof  addressed  fhe  specific  mechanisms 
of  fhe  MAC  profocols  used  (e.g.,  backoff  mechanisms). 

Lasfly,  we  presenf  fhe  firsf  analyfical  model  for  wireless  ad  hoc  nefworks  equipped 
wifh  mulfiple-inpuf  mulfiple-oufpuf  (MIMO)  radios  enabled  wifh  space-fime  coding  (STC) 
fhaf  considers  fhe  impacf  of  fhe  underlying  radio-based  fopology.  In  particular,  we  consider 
fhe  space-lime  block  coding  (STBC)  fechnique  known  as  fhe  ’’Alamoufi  scheme.”  We  derive 
fhe  effecfive  signal-lo-inferference-plus-noise  densify  rafio  (SINR)  of  fhe  Alamoufi  scheme 
under  mulliple  access  inferference  (MAI),  and  we  propose  fhe  momenl  generating  funclion 
(MGF)  melhod  lo  derive  closed-form  expressions  for  ifs  symbol  error  probabilily  under  dif- 
ferenl  modulation  schemes  and  when  fading  pafhs  are  independenf  buf  nof  necessarily  iden- 
fically  disfribuled.  We  apply  fhe  Alamoufi  scheme  lo  IEEE  802.11  ad  hoc  nefworks  wifh 
differenl  anfenna  syslem  configurations  and  compare  Iheir  performance  wifh  respecl  lo  fhe 


basic  single-inpul-single-oulpul  (SISO)  syslem. 
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Chapter  1 


Introduction 


In  the  dawn  of  a  new  millennium,  we  have  witnessed  an  explosive  growth  of  information  and 
eommunication  technologies  (ICTs)  that  have  ignited  profound  changes  in  the  way  society 
will  evolve  in  the  years  to  come.  The  catalytic  effect  that  ICTs  have  on  the  development  of 
modem  society  is  undeniable  and,  to  attest  to  this  fact,  the  importance  of  ICTs  has  been  ex¬ 
plicitly  acknowledged  in  the  elaboration  of  the  Millennium  Development  Goals  [128],  which 
constitute  the  world’s  targets  for  reducing  extreme  poverty  in  its  many  dimensions  in  the  near 
future.  The  eighth  goal — developing  a  global  partnership  for  development — proposes  a  means 
of  achieving  the  other  seven  goals,  which  vary  from  eradication  of  extreme  poverty  and  hunger 
to  the  achievement  of  universal  primary  education.  Target  1 8  of  Goal  8  calls  upon  the  Decla¬ 
ration’s  adherents  to:  “In  cooperation  with  the  private  sector,  make  available  the  benefits  of 
new  technologies,  especially  information  and  communication  technologies.”  In  other  words, 
the  Millennium  Development  Goals  acknowledge  ICTs  as  important  tools  to  achieve  its  over¬ 
all  goals,  and  believe  that  ICTs  can  help  alleviate  poverty,  improve  the  delivery  of  education 
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and  health  care,  make  governments  more  accessible  and  accountable  to  people,  etc.  Following 


the  declaration  of  the  Millennium  Development  Goals,  the  World  Summit  on  the  Information 
Society  (WSIS)  approved  the  Geneva  Declaration  of  Principles  [137],  where  it  expresses  its 
commitment  to  harness  the  potential  of  ICTs  in  the  promotion  of  the  Millennium  Development 
Goals. 

The  importance  attributed  to  ICTs  in  the  development  of  society  has  certainly  been 
fueled  by  the  widespread  growth  of  the  Internet  and  mobile  wireless  communications  in  the 
past  few  decades.  Today,  the  International  Telecommunications  Union  (ITU)  considers  the 
level  of  access  to  these  two  technologies  as  one  of  the  primary  indicators  of  ICT  availability 
in  any  country  [66].  According  to  the  ITU,  almost  every  country  in  the  world  had  a  direct 
connection  to  the  Internet  by  the  turn  of  the  new  millennium  and,  in  the  end  of  2001,  over 
90  per  cent  of  the  countries  already  had  a  mobile  network,  with  almost  100  countries  having 
more  mobile  than  fixed  telephone  subscribers  [65].  Although  this  represents  an  impressive 
achievement,  access  levels  to  ICTs  vary  among  and  within  countries,  creating  the  so-called 
“digital  divide”  between  those  with  high  and  those  with  low  access  levels  [66].  Today,  the 
digital  divide  is  the  biggest  challenge  to  be  faced  and,  to  reduce  it,  the  ITU  points  to  mobile 
wireless  communications  as  the  “missing  link,”  reaffirming  ifs  belief  on  fhe  pofenfial  of  Ibis 
fechnology  by  recognizing  fhaf  ""Mobile  has  raised  access  to  communications  to  new  levels 
(...)  Policy  makers  must  look  to  mobile  as  a  way  of  achieving  social  policy  goals”  [65]. 

Ulfimafely,  wireless  communicafions  can  help  nol  only  fo  eliminafe  fhe  digifal  di¬ 
vide,  buf  also  fo  realize  fhe  vision  of  ubiquitous  and  pervasive  computing  originally  arficu- 
lafed  by  Mark  Weiser  [104, 134].  In  his  vision,  Mark  Weiser  called  for  a  new  way  of  fhinking 
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about  computers  in  the  world,  one  that  takes  into  account  the  natural  human  environment  and 


allows  the  computers  themselves  “to  vanish  into  the  background,”  in  a  way  that  computers 
become  so  seamlessly  integrated  in  our  lives  that  we  cease  to  be  aware  of  them.  In  fact,  such 
“invisibility”  is  meant  to  happen  not  only  in  the  metaphoric  sense,  with  the  development  of 
user-friendly,  task-oriented,  intuitive  computers,  software  and  interfaces,  but  also  in  the  strict 
sense,  with  the  advent  of  small  intelligent  devices  ubiquitously  embedded  in  the  physical 
world  and  globally  connected  through  the  Internet.  To  support  this  trend,  a  number  of  key 
technologies  have  emerged  recently  in  the  field  of  embedded  systems.  Most  prominently,  sig¬ 
nificant  advances  have  been  made  in  the  fields  of  micro-elecfro-mechanical  systems  (MEMS) 
fechnology,  nanofechnology,  and  sensor  fechnology.  In  fhe  fulure,  embedded  devices  are  ex¬ 
pected  fo  inferacf  wifh  each  ofher  fo  add  infelligence  fo  environmenfs  and  create  fhe  so-called 
“smart  spaces”  [39].  Ultimately,  fhe  vision  of  ubiquifous  and  pervasive  computing  will  lead 
fo  fhe  abilify  of  having  seamless  and  fransparenf  access  fo  communications  and  compufing 
services  anyfime,  anywhere,  on  a  global  basis. 

The  inherenf  nafure  of  ubiquifous  and  pervasive  compufing/communicafions  de¬ 
mands  an  exfremely  flexible  infraslrucfure  fo  support  a  mulfifude  of  inferconnecfions  among 
highly  heterogeneous  devices.  This  demand  for  high  flexibilify  makes  wireless  nefworks  fhe 
easiesf  solution  for  fhe  inferconnecfion  of  ubiquitous  devices  [27].  Currenfly,  however,  mosf 
of  fhe  deployed  wireless  nefworks  have  a  fixed  infrasfrucfure.  By  far,  fhe  mosf  successful 
applicafion  of  wireless  nefworking  has  been  fhe  cellular  felephone  system,  in  which  (mobile) 
felephone  users  communicafe  direcfly  to  n  fixed  and  central  base  sfafion  fhaf  covers  a  certain 
geographic  area  and  is  responsible  for  mosf  of  fhe  infelligence  and  confrol  wifhin  fhe  nefwork. 
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Despite  its  advantages,  the  cellular  concept  (or  infrastructure-based  wireless  networks,  to  be 


more  general),  has  its  drawbacks:  it  is  of  relatively  low  bandwidth,  similar  in  many  ways 
to  wired  dial-up  access,  and  it  generally  takes  time  and  potentially  high  cost  to  set  up  the 
necessary  infrastructure  [56].  Moreover,  even  if  costs  were  reduced  and  efficiency  improved, 
infrastructure-based  networks  may  not  always  be  possible,  appropriate,  or  even  desirable  in 
many  of  the  envisaged  scenarios  for  ubiquitous  and  pervasive  computing/communications. 

To  fulfill  the  vision  of  ubiquitous  computing/communications,  wireless  networks 
need  to  evolve  beyond  the  current  infrastructure-type  of  networks.  Fortunately,  because  of 
significant  advances  in  hardware  technology  in  the  past  decades — most  notably  in  the  areas 
of  processing  capability  and  storage  capacity — it  has  now  been  possible  to  include  more  “in¬ 
telligence”  into  smaller  devices  with  significant  reductions  in  power  consumption.  As  a  con¬ 
sequence,  the  deployment  of  wireless  networks  without  any  pre-existent  infrastructure — the 
so-called  wireless  ad  hoc  networks — are  now  becoming  possible. 

In  a  wireless  ad  hoc  network,  all  participating  devices  must  cooperatively  provide 
the  “core”  functionality  that  is  usually  “a  given”  in  an  infrastructure  network,  i.e.,  each  “node” 
executes  functions  of  routers,  switches,  clients,  and  servers.  Given  this  characteristic,  wire¬ 
less  ad  hoc  networks  can  be  formed  dynamically,  “on  the  fly,”  by  a  group  of  nodes  using 
the  readily-available  wireless  channel,  and  without  any  centralized  control  or  administration. 
Therefore,  no  pre-infrastructure  is  required  to  enable  the  exchange  of  information  among 
users’  devices.  In  case  the  devices  are  too  distant  apart  that  they  cannot  communicate  directly 
to  each  other  (due  to  signal  power  attenuation  with  distance  and  other  phenomena  typical  of 
wireless  channels),  the  packets  can  be  forwarded  via  intermediate  devices  that  relay  the  pack- 
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ets  on  a  hop-by-hop  basis.  Depending  on  the  application  or  the  scenario,  nodes  in  a  wireless 


ad  hoc  network  may  be  mobile  and  free  to  organize  themselves  arbitrarily.  As  a  consequence, 
intermittent  connectivity  may  happen  and  the  network’s  topology  may  change  rapidly  and 
unpredictably.  In  those  cases,  routes  to  destination  nodes  may  need  to  be  computed  dynami¬ 
cally  and  updated  frequently.  In  addition,  nodes  may  join  or  leave  the  network  anytime,  with 
their  location  and  availability  constrained  by  the  characteristics  of  the  surrounding  wireless 
medium.  Figure  1 . 1  shows  an  example  of  a  wireless  ad  hoc  network. 


Figure  1.1:  Example  of  a  wireless  ad  hoc  network. 


The  concept  of  wireless  ad  hoc  networks  is  not  new.  Initial  interest  in  this  type  of 
network  emerged  within  the  military  arena  with  the  Packet  Radio  Network  (PRNet)  project 
funded  by  the  Defense  Advanced  Research  Projects  Agency  (DARPA)  in  1972,  followed 
by  the  Survivable  Radio  Networks  (SURAN)  project  in  1983,  and  DARPA’s  Global  Mobile 
(GloMo)  Information  Systems  program  launched  in  1994  [45].  In  the  commercial  arena,  how¬ 
ever,  the  introduction  of  the  Ethernet  technology  in  the  1970’s  [82]  for  wired  interconnection 


5 


of  local  area  networks  (LANs)  kept  the  interest  of  companies  away  from  wireless  networking. 


Ethernet  data  rates  were  far  higher  than  those  provided  by  any  radio-based  technology  at  that 
time.  Interest  in  the  development  of  commercial  products  for  wireless  computer  networks 
started  to  grow  only  in  1985,  when  the  Federal  Communications  Commission  (FCC)  autho¬ 
rized  the  public  use  of  the  Industrial,  Scientific,  and  Medical  (ISM)  frequency  band  for  the 
development  of  wireless  FAN  products.  The  main  advantage  of  the  ISM  band  for  the  deploy¬ 
ment  of  WFANs  is  the  fact  that  no  FCC  license  is  required  to  operate  in  this  band,  as  opposed 
to  the  frequency  bands  used  in  cellular  telephone  systems,  whose  license  fees  are  extremely 
high.  Unfortunately,  the  first  wireless  FAN  products  launched  into  the  market  had  very  poor 
performance  [56].  Their  poor  performance,  coupled  with  lack  of  standardization,  security 
problems,  and  high  prices  (compared  to  wired  Ethernet  cards  at  that  moment),  resulted  in 
weak  sales.  Thus,  it  was  not  until  recently  that  commercial  interest  in  radio  technologies  for 
wireless  networking  beyond  cellular  systems  really  took  off.  It  all  began  in  1997,  when  the  In¬ 
stitute  of  Electrical  and  Electronics  Engineers  (IEEE)  released  the  first  standard  for  WFANs, 
named  IEEE  802.11,  supporting  data  rates  of  up  to  2  Mbps  [64].  Eater,  in  1999,  the  IEEE 
task  group  802. 1  Ib  released  an  extension  to  support  data  rates  of  up  to  11  Mbps.  This  exten¬ 
sion,  commonly  referred  to  as  Wireless  Fidelity  (Wi-Fi),  became  an  instant  success,  igniting 
a  true  revolution  in  the  segment  of  WFANs.  Following  this  success,  several  IEEE  802.11  task 
groups  (designated  by  the  letters  ‘a’,  ‘e’,  ‘g’,  etc.)  have  been  created  to  extend  and  improve 
the  IEEE  802. 1 1  standard  in  many  aspects,  which  vary  from  the  support  to  quality  of  service 
(QoS)  features  to  higher  data  rates.  Today,  WFANs  based  on  the  IEEE  802.11  standard  have 
become  the  preferred  method  of  Internet  access  in  many  homes,  offices,  airports,  libraries,  and 
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many  other  environments  because  of  their  convenience  and  freedom  from  wires. 

The  importance  and  attractiveness  of  the  IEEE  802.11  comes  from  its  support  for 
two  operational  modes:  the  infrastructure  mode  and  the  ad  hoc  mode.  The  infrastructure  mode 
is  similar  to  cellular  infrastructure-based  networks,  where  a  node  acts  as  the  access  point  (AP) 
for  other  nodes  to  have  access  to  the  Internet.  This  is  the  most  common  operational  mode  used 
to  build  the  so-called  “Wi-Ei  hotspots”  for  Internet  access.  Nevertheless,  it  is  the  ad  hoc  mode 
of  operation  that  has  caught  the  largest  attention  within  the  research  community  working  in 
the  field  of  wireless  ad  hoc  networks.  This  is  because  the  IEEE  802.1 1  standard  is  a  platform 
that  can  be  used  to  implement  both  single-hop  and  multi-hop  ad  hoc  networks,  and  it  gives 
specifications  for  two  of  the  fundamental  layers  in  the  protocol  stack  of  any  wireless  ad  hoc 
network:  the  physical  (PHY)  layer  and  the  medium  access  control  (MAC)  layer.  Eigure  1 .2 
shows  the  locations  of  the  PHY  and  the  MAC  layers  on  the  protocol  stack  defined  by  fhe 
Infernafional  Sfandard  Organizafion’s  Open  Sysfem  Inferconnecf  (ISO/OSI)  model. 


^  MAC  (a  LINK  sub-layer) 
and  PHY  layer 


Figure  1.2:  Location  of  the  PHY  and  the  MAC  layers  on  the  protocol  stack  defined  by  the  ISO/OSI 
model.  The  MAC  layer  is  considered  as  a  sub-layer  of  the  LINK  layer. 
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The  PHY  layer  defines  the  characteristics  of,  and  methods  of  transmitting  and  re¬ 


ceiving  data  through  the  medium  that  interconnects  the  nodes  of  the  network.  Therefore,  it 
defines  a  number  of  parameters  and  procedures  such  as  the  bandwidth  and  channels  to  be 
used,  signal  modulation  schemes,  transmit  power  levels,  and  error  correcting/detecting  codes, 
to  name  a  few.  The  PHY  layer  is  also  responsible  for  mapping  the  information  bits  received 
from  the  upper  network  layers  into  a  framing  format  suitable  for  transmission  over  the  phys¬ 
ical  medium  and,  correspondingly,  for  the  de-mapping  operation  of  the  information  received 
over  the  medium. 

The  medium  access  control  (MAC)  protocol,  on  the  other  hand,  is  a  major  com¬ 
ponent  of  many  multiuser  communication  systems  in  which  users  transmit  information  over 
a  common,  shared  channel  (which  is  the  case  in  wireless  ad  hoc  networks).  Thus,  the  main 
task  of  the  MAC  layer  is  to  enable  nodes  in  the  network  to  determine  their  right  to  access  the 
available  channel(s),  while  attempting  to  enforce  a  fair  and  efficient  usage  of  the  channel(s). 
The  establishment  of  such  access  rights  is  far  more  difficult  in  a  wireless  ad  hoc  network  than 
in  a  wired  long  haul  network  or  a  wired  local  area  network  (LAN),  because  the  radio  channels 
of  an  ad  hoc  network  are  broadcast  in  nature,  and  radio  connectivity  is  such  that  the  topology 
of  an  ad  hoc  network  is  not  as  clearly  defined  as  with  point-to-point  wired  networks.  Unlike 
wired  channels  that  are  fairly  stationary  and  predictable,  radio  channels  are  extremely  random, 
and  connectivity  between  two  nodes  depends  on  many  factors,  such  as  the  radio  frequency  in 
use,  power  of  the  transmitters,  terrain,  antenna  type,  transmitter/receiver  distance,  multipath 
fading,  and  the  like.  Furthermore,  the  quality  of  a  radio  link  depends  on  the  transmission 


activity  of  all  other  nodes  in  the  entire  system,  whose  aggregate  signal  powers  can  severely 


degrade  the  signal-to-noise  ratio  (SNR)  at  a  partieular  reeeiver  and,  eonsequently,  eompromise 


the  sueeessful  reeeption  of  any  on-going  paeket  transmission.  Last,  but  not  least,  thermal  and 
other  baekground  noise  sourees  ean  also  eontribute  to  the  failure  of  a  paeket  reeeption  at  a 
given  reeeiver. 

Consequently,  the  performanee  analysis  of  a  MAC  protoeol  in  an  ad  hoe  network 
must  eonsider  the  interaetions  between  the  PHY  and  the  MAC  layers.  In  faet,  a  eross-layer 
perspeetive  to  both  analysis  and  design  of  multiaeeess  eommunieations  has  been  brought  to 
attention  with  reeent  advanees  in  wireless  eommunieations.  As  pointed  out  by  Gallager  [49] 
and  later  by  Ephremides  and  Hajeek  [36],  the  fundamental  ehallenge  lies  in  the  ehoiee  of  a 
proper  model  that  interfaees  the  physieal  layer  with  the  upper  network  layers.  Unfortunately, 
the  bulk  of  the  published  work  on  ad  hoe  networks  has  foeused  on  the  modeling  of  medium 
aeeess  sehemes  where  ideal  ehannel  eonditions  and  unrealistie  assumptions  are  made.  Under 
the  argument  of  separating  the  issues  strietly  related  to  the  protoeol  operation  from  the  issues 
intrinsieally  related  to  the  physieal  layer,  few  studies  have  attempted  to  ineorporate  physieal 
layer  aspeets  directly  into  the  behavior  of  the  protocol,  i.e.,  explieitly  modeling  the  impaet 
of  the  physieal  layer  on  the  dynamics  of  the  MAC  protoeol.  Perhaps,  more  importantly,  no 
attempt  has  ever  been  made  to  inelude  not  only  the  physieal-layer  aspeets  explieitly  into  the 
model,  but  also  to  inelude  the  interdependeneies  among  nodes  under  a  radio-based  topology 
in  a  multihop  ad  hoe  network.  Although  eonvenient  for  analytieal  modeling,  it  is  not  true  that 
only  the  transmissions  from  “one  hop”  neighbors  of  a  node  ean  eause  interferenee  at  the  node. 

Beeause  of  the  limitations  of  existing  analytieal  models  for  ad  hoe  networks,  many 
researehers  have  opted  to  study  the  impaet  of  physieal  layer  on  the  dynamies  of  MAC  proto- 
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cols  via  discrete-event  simulations.  However,  even  with  such  simulation  packages  as  Qual- 


net  [105],  which  are  designed  to  scale  with  the  number  of  nodes  in  the  network,  obtaining  sim¬ 
ulation  results  that  are  statistically  meaningful  (by  using  many  seeds)  requires  hours  of  simu¬ 
lation  time  for  scenarios  corresponding  to  just  a  few  minutes  of  simulated  time  in  MANETs 
with  hundreds  of  nodes  with  a  given  choice  of  physical-layer  parameters.  This  is  clearly  not 
a  promising  approach  for  researchers  to  gain  insight  on  the  impact  of  multiple  physical-layer 
parameters  on  the  operation  of  MAC  protocols. 

In  this  dissertation,  we  introduce  a  new  modeling  framework  for  the  analytical  study 
of  any  MAC  protocol  operating  in  multihop  ad  hoc  networks.  The  modeling  framework  we 
introduce  focuses  on  the  interactions  between  the  PHY  and  MAC  layers,  and  on  the  impact  that 
each  node  has  on  the  dynamics  of  every  other  node  in  the  network.  To  account  for  the  effects 
of  both  cross-layer  interactions  and  the  interference  among  all  nodes,  a  novel  linear  model 
is  introduced  with  which  topology  and  PHY/MAC-layer  aspects  are  naturally  incorporated 
in  what  we  define  as  interference  matrices.  A  key  feature  of  the  model  is  that  nodes  can 
be  modeled  individually,  i.e.,  it  allows  a  per-node  setup  of  many  layer-specific  paramefers. 
Moreover,  no  spafial  probabilify  disfribufion  or  special  arrangemenf  of  nodes  is  assumed;  fhe 
model  allows  fhe  compufafion  of  individual  (per-node)  performance  mefrics  for  any  given 
nefwork  topology  and  radio  channel  model. 

Because  of  fhe  importance  of  fhe  IEEE  802.11  sfandard  in  fhe  developmenf  of  cur- 
renf  and  fulure  wireless  ad  hoc  nefworks,  we  illusfrafe  fhe  applicabilify  of  our  modeling  frame¬ 
work  fhrough  fhe  analytical  modeling  of  wireless  ad  hoc  nefworks  fhaf  operafe  according  fo 
fhe  IEEE  802.11  sfandard.  To  accomplish  fhis,  we  presenf  a  comprehensive  analyfical  mod- 
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eling  of  the  IEEE  802.11  distributed  eoordination  funetion  (DCE),  whieh  eorresponds  to  the 


MAC  speeifieation  for  the  ad  hoe  mode  of  operation.  In  this  dissertation,  we  investigate  the 
IEEE  802.11  DCE  MAC  in  both  single-hop  and  multihop  seenarios,  under  ideal  and  realistie 
ehannel  eonditions.  The  study  of  single-hop  seenarios  is  performed  as  an  important  “stepping 
stone”  for  the  treatment  of  the  more  ehallenging  seenarios  oposed  by  multihop  ad  hoe  net¬ 
works.  In  eontrast  to  traditional  work  in  the  literature,  we  use  a  bottom-up  modeling  approaeh 
to  derive  a  number  of  performanee  metries  of  interest  for  the  IEEE  802.1 1  DCE  MAC,  whieh 
are  based  on  its  binary  exponential  baekoff  algorithm  and  the  events  underneath  its  operation. 

Motivated  by  reeent  advanees  in  communication  technologies,  we  also  investigate 
the  use  of  multiple  antenna  elements  in  both  ends  of  the  wireless  link  and  provide  the  first  ana¬ 
lytical  modeling  of  wireless  ad  hoc  networks  that  considers  the  impact  of  realistic  antenna-gain 
patterns  on  network  performance.  As  such,  our  modeling  approach  allows  the  study  of  ad  hoc 
networks  in  which  nodes  are  equipped  with  directional  antennas,  i.e.,  systems  of  antennas  that 
are  able  to  transmit/receive  energy  over  intended  directions,  as  opposed  to  omnidirectional  an¬ 
tennas,  which  (ideally)  radiate  or  absorb  energy  equally  well  along  all  directions.  This  mod¬ 
eling  capability  stands  out  from  all  previous  analytical  models,  which  have  only  dealt  with 
omnidirectional  or  over-simplified  anfenna  gain  paffems,  and  which  have  nof  addressed  fhe 
specific  mechanisms  of  fhe  medium  access  confrol  (MAC)  profocols  used  (e.g.,  fhe  backoff 
mechanism).  Using  our  new  analytical  modeling  framework,  which  allows  fhe  sfudy  of  dif- 
ferenf  carrier-sensing  mechanisms,  we  model  fhe  directional  virtual  carrier  sensing  (DVCS) 
profocol  fo  validafe  our  analytical  model  and  show  ifs  applicabilify.  Our  numerical  resulfs 
show  fhaf  our  new  analyfical  model  predicfs  fhe  resulfs  obfained  by  discrefe-evenf  simulation 
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very  accurately,  and  does  it  with  a  processing  time  that  is  orders  of  magnitude  faster  than 


the  time  required  by  simulations.  Furthermore,  we  show  that  the  simplistic  “pie  slices”  used 
in  prior  analytical  models  for  antenna  patterns  over-estimate  the  throughput  of  the  protocols 
dramatically  compared  to  the  results  obtained  using  realistic  antenna  patterns. 

Lastly,  we  present  the  first  analytical  model  for  wireless  ad  hoc  networks  in  which 
nodes  are  equipped  with  multiple-input  multiple-output  (MIMO)  radios  and  use  space-time 
coding  (STC).  In  particular,  we  consider  the  space-time  block  coding  (STBC)  technique 
known  as  the  “Alamouti  scheme.”  We  derive  the  effective  signal-to-interference-plus-noise 
density  ratio  (SINR)  of  the  Alamouti  scheme  and  closed-form  expressions  for  its  symbol  er¬ 
ror  probability  under  different  modulation  schemes.  The  impact  of  the  Alamouti  scheme  on 
IEEE  802.11  ad  hoc  networks  is  studied  by  using  our  new  modeling  framework  and  the  new 
analytical  model  for  the  IEEE  802.11  DCE  MAC.  We  apply  the  Alamouti  scheme  to  differ¬ 
ent  antenna  system  configurations  and  compare  their  performance  with  respect  to  the  basic 
single-input-single-output  (SISO)  IEEE  802.11  DCE  MAC. 

1.1  Summary  of  Contributions 

More  specifically,  fhe  main  confribulions  of  Ibis  dissertation  are  as  follows: 

•  The  developmenf  of  fhe  firsl  analyfical  model  fo  compute  fhe  firsl  fwo  momenfs  of  fhe 
service  lime  experienced  by  a  packel  when  Iransmifled  in  a  saluraled  IEEE  802. 1 1  ad 
hoc  nelwork  [16, 17]; 

•  Modeling  and  performance  evalualion  of  fhe  impacl  of  fading  channels  on  single-hop 
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ad  hoc  networks  operating  according  to  the  IEEE  802.11  DCE  MAC  [18]; 

•  The  first  analytical  model  to  predict  energy  consumption  in  saturated  IEEE  802.11 
single-hop  ad  hoc  networks  under  ideal  channel  conditions  [22] ; 

•  Development  of  a  new  modeling  framework  for  the  analytical  study  of  MAC  protocols 
operating  in  multihop  ad  hoc  networks.  The  model  focuses  on  the  interactions  between 
the  PHY  and  the  MAC  layers,  and  on  the  impact  that  each  node  has  on  the  dynam¬ 
ics  of  every  other  node  in  the  network — all  conveniently  conveyed  through  the  use  of 
interference  matrices.  A  key  feature  of  the  modeling  framework  is  that  nodes  can  be 
modeled  individually,  i.e.,  it  allows  the  per-node  setup  of  many  layer-specific  param- 
efers.  Moreover,  no  spatial  probabilify  disfribufion  or  special  arrangemenf  of  nodes  is 
assumed;  fhe  framework  allows  fhe  compulation  of  individual  (per-node)  performance 
melrics  for  any  given  nelwork  lopology  and  radio  channel  model  [19]; 

•  A  new  analylical  model  for  fhe  binary  exponential  backoff  algorilhm  of  fhe  IEEE  802. 1 1 
DCE  MAC  based  on  Markov  processes.  The  new  model  is  fhe  firsl  lo  include  fhe  impacl 
of  errors  in  bolh  conlrol  and  dafa  frames,  fhe  carrier-sensing  mechanism,  and  fhe  finile- 
refry  limils  of  fhe  IEEE  802.11  DCE  MAC  [20,21]; 

•  The  firsl  analylical  modeling  of  wireless  ad  hoc  nelworks  lhal  considers  fhe  impacl 
of  realistic  anlenna-gain  pallems  on  nelwork  performance.  In  particular,  Ihe  modeling 
approach  allows  Ihe  sludy  of  wireless  ad  hoc  nelworks  in  which  nodes  are  equipped 
wilh  directional  antennas,  i.e.,  antennas  lhal  are  able  lo  Iransmil/receive  energy  over 
intended  directions  [21]; 
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•  The  first  analytical  model  for  wireless  ad  hoc  networks  in  which  nodes  are  equipped 
with  multiple-input  multiple-output  (MIMO)  radios  and  use  space-time  coding  (STC), 
i.e.,  code  design  techniques  that  exploit  both  temporal  and  spatial  dimensions  inherent 
in  the  use  of  multiple  spatially-distributed  antennas  per  node  [20] ; 

1.2  Related  Work 

The  bulk  of  the  analytical  modeling  of  wireless  ad  hoc  networks  has  concentrated 
on  the  analysis  of  MAC  protocols  in  fully-connected  segments  of  networks  (e.g.,  satellite  net¬ 
works,  cellular  networks,  or  single-hop  wireless  LANs  (WLANs)),  because  they  are  simpler 
to  analyze  than  multihop  networks.  The  majority  of  this  work  has  followed  the  formalism 
and  assumptions  introduced  by  Abramson  [1,2]  for  the  analysis  of  the  ALOHA  protocol, 
and  by  Tobagi  and  Kleinrock  [73, 124]  for  the  analysis  of  the  carrier  sense  multiple  access 
(CSMA)  protocol.  The  model  typically  adopted  assumes  that  all  nodes  have  infinite  buffers 
and  transmissions  are  scheduled  according  to  independent  Poisson  point  processes.  This  im¬ 
plies  that  packets  which  were  either  inhibited  from  being  transmitted  or  were  unsuccessfully 
transmitted  are  rescheduled  after  a  “sufficiently  long”  randomized  time  out  to  preserve  the 
Poisson  property  (i.e.,  no  correlation  between  new  packet  arrivals  and  their  rescheduling). 
Packet  lengths  are  exponentially  distributed  and  are  independently  generated  at  each  trans¬ 
mission  attempt  (including  retransmissions).  In  many  cases,  acknowledgments  are  assumed 
to  happen  instantaneously  or,  in  cases  where  propagation  delay  is  taken  into  account,  acknowl¬ 
edgment  traffic  is  simply  ignored,  and  periods  of  collisions  are  restricted  to  the  propagation 
time,  after  which  all  other  nodes  are  able  to  perceive  any  activity  in  the  channel  (through  the 
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single-hop  and  perfect-channel  assumptions).  Regarding  the  quality  of  the  radio  links,  they 


are  generally  considered  error  free,  and  the  event  of  unsuccessful  transmission  is  restricted 
to  packet  collisions  at  the  receiver.  Examples  where  such  assumptions  have  been  made  in¬ 
clude  [9,31,47,48,69,72,78,101]. 

Other  works  consider  physical-layer  aspects  more  explicitly  within  the  context  of 
single-hop  scenarios.  Raychauduri  [100]  analyzed  slotted  ALOHA  with  code  division;  Grone- 
meyer  and  Davis  [33]  considered  spread-spectrum  slotted  ALOHA  with  capture  due  to  time  of 
arrival.  Musser  and  Daigle  [84]  derived  the  throughput  of  pure  ALOHA  with  code  division. 
Pursley  [93]  studied  the  throughput  of  frequency-hopped  spread-spectrum  communications 
for  packet  radio  networks.  In  other  cases,  the  error-free  link  assumption  was  relaxed  and  mul¬ 
tipath  fading  channels  where  considered  while  preserving  other  original  assumptions  (e.g., 
Poisson  scheduling).  This  is  the  case  in  the  works  by  Ambak  and  Blitterswijk,  who  studied 
the  capacity  of  slotted  ALOHA  in  Rayleigh-fading  channels  [5]. 

More  recently,  with  the  advent  of  the  IEEE  802.11  standard  for  WLANs,  a  signif¬ 
icant  amount  of  work  has  been  carried  out  to  provide  an  analytical  model  for  its  operation. 
However,  the  vast  majority  of  this  effort  has  considered  only  single-hop  networks  under  ideal 
channel  conditions  [12, 15, 17,42,70].  As  far  as  imperfect  channel  conditions  is  concerned, 
Hadzi-Velkov  and  Spasenovski  [60,61]  have  investigated  the  impact  of  capture  on  the  capac¬ 
ity  of  the  IEEE  802. 1 1  in  both  Rayleigh-  and  Rician-fading  channels.  However,  no  provision 
was  made  to  consider  a  multihop  ad  hoc  network  and  the  interdependencies  among  the  nodes. 

Gitman  [54]  published  what  is  arguably  the  first  paper  that  actually  dealt  with  a  mul¬ 
tihop  system.  Gitman  considered  a  two-hop  centralized  network  consisting  of  a  large  number 
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of  terminals  communicating  with  a  single  station  via  some  repeaters  located  around  the  sta¬ 


tion.  Subsequently,  Tobagi  [120, 121]  considered  the  same  topology  to  compute  the  network 
capacity  and  throughput-delay  characteristics  of  both  slotted  ALOHA  and  CSMA.  However,  it 
was  not  until  the  work  by  Boorstyn  et  al.  [13]  that  a  methodology  for  the  steady-state  through¬ 
put  analysis  of  a  multihop  packet  radio  network  was  introduced.  Based  on  assumptions  like 
independent  Poisson  scheduling  at  each  node,  exponentially-distributed  packet  lengths,  zero 
propagation  delay,  and  instantaneous  acknowledgments,  Boorstyn  et  al.  were  able  to  repre¬ 
sent  a  CSMA  multihop  network  as  a  continuous-time  Markov  chain,  with  the  state  at  each 
time  being  the  set  of  transmitting  nodes.  This  analysis  lead  to  a  product-form  solution  and 
an  iterative  procedure  was  used  to  obtain  the  scheduling  rates  corresponding  to  given  desired 
link  traffic  rates.  The  complexity  of  the  algorithm  by  Boorstyn  et  ah,  although  exponential  in 
general,  grows  quadratically  or  cubically  with  the  number  of  links  for  most  networks  on  the 
order  of  100  nodes.  Tobagi  and  Brazio  [123]  considered  the  same  model  and  observed  that  it 
is  applicable  to  ALOHA  and  C-BTMA  (a  variant  of  BTMA).  They  also  observed  that  not  all 
schemes  could  be  modeled  by  simply  tracking  the  set  of  transmitting  nodes.  Shepard  [107] 
considered  fundamental  physical-layer  aspects  in  the  modeling  of  large,  dense  packet-radio 
networks.  Although  Shepard’s  model  considered  aspects  closer  to  the  underlying  physics  of 
radio  communications,  it  did  not  target  the  modeling  of  the  interaction  among  the  nodes  and 
their  interdependencies. 

Chhaya  and  Gupta  provided  one  of  the  first  analytical  models  of  the  IEEE  802. 1 1 
DCE  that  considered  a  multihop  scenario  and  where  both  capture  and  hidden  terminals  were 
taken  into  account  [26].  Eike  prior  work,  however,  all  nodes  were  assumed  to  transmit  inde- 
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pendently  according  to  some  Poisson  point  process.  Moreover,  in  their  numerical  results,  they 


considered  that  all  individual  scheduling  processes  offered  the  same  load,  regardless  of  net¬ 
work  topology,  therefore  ignoring  the  many  interdependencies  among  nodes  and  their  impact 
on  individual  scheduling  rates.  Subsequently,  Wang  and  Garcia-Luna-Aceves  [130]  provided 
a  model  for  the  saturation  throughput  of  collision  avoidance  protocols  that  included  the  IEEE 
802.11  DCE.  Their  modeling  approach  is  based  on  the  work  by  Wu  and  Varshney  [139],  in 
which  nodes  are  spatially  distributed  according  to  a  two-dimensional  Poisson  distribution,  and 
two  Markov  models  are  used  to  represent  the  channel  around  a  node  and  its  activity.  To  ob¬ 
tain  the  Markov  models,  the  channel  is  modeled  as  a  circular  region  in  which  nodes  within 
the  region  can  communicate  with  each  other,  while  weak  interactions  are  assumed  with  nodes 
outside  this  region. 

Another  important  venue  of  research  emerged  in  the  last  few  years  that  focuses 
on  the  problem  of  network  capacity.  The  main  objective  of  this  line  of  work  consists  of 
finding  fundamental  limits  on  achievable  communication  rates  in  wireless  networks.  In  such 
a  problem  formulation,  a  set  of  rates  between  source-destination  pairs  is  called  achievable 
if  there  exists  a  network  control  policy  that  guarantee  those  rates.  The  closure  of  the  set 
of  achievable  rates  is  the  capacity  region  of  the  network.  In  their  seminal  work,  Gupta  and 
Kumar  [59]  considered  a  joint  optimization  of  transmission  powers  and  schedules,  showing 
that  the  maximum  per-node  throughput  scales  proportionally  to  1/  ^/n,  where  n  is  the  number 
of  nodes.  Subsequent  works  have  studied  network  capacity  from  various  viewpoints  (e.g., 
[52,58, 83,92, 126, 143])  while  others  considered  the  joint  optimization  of  resource  allocation 
and  scheduling  [46, 50],  or  the  optimal  cross-layer  design  of  PHY  and  MAC  layers  [79, 125]. 
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Despite  the  undeniable  importance  of  such  studies,  a  gap  still  remains  on  the  modeling  of 


wireless  ad  hoc  networks  under  specific  (optimally  designed  or  not)  MAC  and  PHY  layers, 
in  a  way  that  the  impact  of  their  interactions  and  the  interdependence  among  the  nodes  in  a 
multihop  environment  are  all  taken  into  account  in  the  performance  evaluation  of  each  node. 

1.3  Organization  of  the  Dissertation 

Chapter  2  introduces  the  analytical  model  to  compute  the  average  service  time  and 
jitter  experienced  by  a  packet  when  transmitted  in  a  saturated  IEEE  802.11  ad  hoc  network. 
The  model  we  introduce  is  general  enough  to  be  applied  to  any  IEEE  802. 1 1  wireless  ad  hoc 
network  where  the  channel  state  probabilities  driving  a  node’s  backoff  operation  are  known. 
In  particular,  we  apply  the  model  to  saturated  single-hop  ad  hoc  networks  under  ideal  channel 
conditions. 

In  Chapter  3  we  introduce  aspects  of  the  physical  layer  directly  into  the  dynamics  of 
the  events  underneath  the  operation  of  the  IEEE  802.1 1  DCE  MAC  binary  exponential  backoff 
algorithm.  To  show  its  application,  we  study  the  impact  of  frequency-selective,  slowly  time- 
variant  Rician  fading  channels  on  the  performance  of  saturated  IEEE  802.11  single-hop  ad 
hoc  networks. 

Chapter  4  presents  the  first  analytical  model  to  predict  energy  consumption  in  satu¬ 
rated  IEEE  802. 1 1  single-hop  ad  hoc  networks  under  ideal  channel  conditions.  In  contrast  to 
previous  work  that  attempted  to  characterize  the  energy  consumption  of  IEEE  802.11  cards 
in  isolated,  contention-free  channels  (i.e.,  single  sender/receiver  pair),  we  investigate  the  ex¬ 
treme  opposite  case,  i.e.,  when  nodes  need  to  contend  for  channel  access  under  saturation 
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conditions. 


Chapter  5  contains  the  main  contribution  of  this  dissertation,  which  is  the  develop¬ 
ment  of  a  new  modeling  framework  for  the  analytical  study  of  any  medium  access  control 
protocol  operating  in  multihop  ad  hoc  networks.  The  modeling  framework  focuses  on  the 
interactions  between  the  PHH  and  MAC  layers,  and  on  the  impact  that  each  node  has  on  the 
dynamics  of  every  other  node  in  the  network — all  conveniently  conveyed  through  the  use  of 
interference  matrices. 

Chapter  6  shows  the  application  of  the  general  modeling  framework  developed  in 
Chapter  5  to  the  modeling  of  wireless  ad  hoc  networks  that  operate  according  to  the  IEEE 
802.1 1  DCE.  In  particular,  we  introduce  a  new  analytical  model  for  the  operation  of  the  IEEE 
802.11  DCE  MAC  based  on  Markov  chains.  Due  to  the  new  Markov  model,  we  extend  the 
performance  metrics  relative  to  the  IEEE  802.11  and  validate  our  analytical  model  against 
numerical  results  driven  from  discrete-event  simulations. 

Chapter  7  contains  the  analytical  modeling  of  wireless  ad  hoc  networks  that  con¬ 
siders  the  impact  of  realistic  antenna-gain  patterns  on  network  performance.  In  particular,  we 
apply  the  model  to  the  study  of  ad  hoc  networks  in  which  nodes  are  equipped  with  directional 
antennas. 

In  Chapter  8,  we  present  the  analytical  modeling  of  wireless  ad  hoc  networks  in 
which  nodes  are  equipped  with  multiple-input  multiple-output  (MIMO)  radios  and  use  space- 
time  coding  (STC)  as  the  signaling  technique  of  choice. 

Einally,  in  Chapter  9,  we  present  the  conclusions  of  this  dissertation,  and  we  provide 
directions  for  future  work. 
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Chapter  2 


Delay  Analysis  of  IEEE  802.11  in 
Single-Hop  Ad  Hoc  Networks 


In  this  chapter,  we  present  an  analytical  model  to  compute  the  average  service  time  and  jitter 
experienced  by  a  packet  when  transmitted  in  a  saturated  IEEE  802.1 1  ad  hoc  network.  In  con¬ 
trast  to  traditional  work  in  the  literature,  in  which  a  distribution  is  usually  fitted  or  assumed, 
we  use  a  bottom-up  approach  and  build  the  first  two  moments  of  the  service  time  based  on  the 
IEEE  802. 1 1  binary  exponential  backoff  algorithm  and  the  events  underneath  its  operation. 
Our  model  is  general  enough  to  be  applied  to  any  type  of  IEEE  802.11  wireless  ad  hoc  net¬ 
work  where  the  channel  state  probabilities  driving  a  node’s  backoff  operation  are  known.  We 
apply  our  model  to  saturated  single-hop  ad  hoc  networks  under  ideal  channel  conditions.  We 
validate  our  model  through  extensive  simulations  and  conduct  a  performance  evaluation  of  a 
node’s  average  service  time  and  jitter  for  both  direct  sequence  and  frequency-hopping  spread 
spectrum  physical  layers. 
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2.1  Introduction 


During  the  past  few  years  we  have  witnessed  an  ever-growing  interest  in  wireless 
technologies  and  their  application  to  portable  devices.  As  the  number  of  users  of  such  tech¬ 
nologies  has  increased,  the  demand  for  real-time  traffic  and  delay-sensitive  applications  has 
become  more  critical.  Along  the  efforts  to  satisfy  such  needs,  standards  for  wireless  local 
area  networks  (WLANs)  have  been  proposed,  and  the  IEEE  802.11  medium  access  control 
(MAC)  protocol  [64]  is  the  de  facto  standard  and  the  most  widely  used  protocol  nowadays.  In 
the  IEEE  802.11,  the  main  mechanism  to  access  the  medium  is  the  distributed  coordination 
function  (DCE),  which  is  a  random  access  scheme  based  on  the  carrier  sense  multiple  access 
with  collision  avoidance  (CSMA/CA).  The  DCE  provides  two  access  schemes:  the  default, 
called  basic  access  mechanism,  and  an  optional,  four-way  handshake  scheme.  The  standard 
also  defines  fhe  optional  poinf  coordination  function  (PCE),  which  is  a  cenfralized  MAC  pro- 
focol  fhaf  uses  a  poinf  coordinator  to  defermine  which  node  has  fhe  righf  fo  fransmif.  The  PCE 
suppporfs  collision  free  and  lime  bounded  services.  However,  because  fhe  PCE  cannol  be  used 
in  multihop  or  single-hop  ad  hoc  nefworks,  fhe  DCE  is  fhe  access  nelwork  widely  assumed, 
which  implies  varying  delays  for  all  Iraffic.  Curiously,  fhe  majorify  of  fhe  work  on  analyzing 
fhe  performance  of  IEEE  802.11  DCE  has  concenfrafed  on  ifs  fhroughpuf  [12, 15,26, 130]  and 
nol  much  affenlion  has  been  given  fo  analyzing  ifs  delay. 

In  Ibis  chapter,  we  provide  an  analyfical  model  fo  compule  fhe  average  service  time 
and  jitter  experienced  by  a  packel  when  Iransmilled  in  a  saluraled  IEEE  802. 1 1  ad  hoc  nel¬ 
work.  By  “service  lime”  we  refer  fo  fhe  lofal  lime  inferval  belween  fhe  Iransmissions  of  Iwo 
conseculive  dala  packels  from  a  node’s  oupul  queue  (nole  lhal  we  are  dealing  wilh  saluraled 
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networks).  Accordingly,  by  “jitter”  we  refer  to  the  variation  of  the  service  time  with  respect  to 


its  average  value.  More  specifically,  we  refer  to  the  square  root  of  the  mean  squared  difference 
between  the  service  time  and  its  average  value,  i.e,  the  standard  deviation. 

In  contrast  to  traditional  work  in  the  literature,  in  which  a  distribution  is  usually  fit¬ 
ted  or  assumed  [15,42,48,73],  we  use  a  bottom-up  approach  and  build  the  first  two  moments 
of  a  node’s  service  time  based  on  the  IEEE  802.11  binary  exponential  backoff  algorithm  and 
the  events  underneath  its  operation.  The  strength  of  our  model  relies  on  the  fact  that  it  can  be 
applied  to  many  network  scenarios.  The  key  to  its  successful  application  is  the  knowledge  of 
the  channel  state  probabilities  driving  a  node’s  backoff  operation.  Here,  we  apply  our  model 
to  saturated,  single-hop  ad  hoc  networks  with  ideal  channel  conditions,  operating  under  the 
four-way  handshake  mechanism  of  the  DCE  Eor  this  case,  the  channel  state  probabilities  we 
obtain  are  based  on  the  work  by  Bianchi  [12],  which  provides  a  set  of  nonlinear  equations  that 
relates  a  packet’s  collision  probability  with  its  transmission  probability  (in  steady-state).  We 
linearize  Bianchi’s  model  and  find  simple  equations  fo  fhese  quanfifies.  The  reason  for  our 
approximafion  is  fwofold:  ease  of  compulation  and  Ihe  need  lo  belter  undersland  Ihe  impacf 
of  syslem  paramelers  on  channel  and  syslem  probabililies  (somelhing  lhal  is  nol  so  clear  un¬ 
der  a  nonlinear  syslem  of  equations).  We  validate  bolh  our  model  and  Ihe  linearized  system 
Ihrough  exlensive  simulalions  and  conducl  a  performance  evaluation  of  a  node’s  average  ser¬ 
vice  lime  and  jiller  for  Ihe  direcl  sequence  spread  speclram  (DSSS)  and  frequency-hopping 
spread  speclrum  (EHSS)  physical  layers  under  Ihe  same  scenario.  We  invesligale  Iheir  per¬ 
formance  as  we  vary  such  paramelers  as  initial  contention  window  size,  slol  time  size,  packel 
size,  and  maximum  backoff  slage. 
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The  remainder  of  the  chapter  is  organized  as  follows.  Section  2.2  briefly  reviews  the 


DCF  mechanism.  Section  2.3  presents  our  analytical  model.  Following  that,  in  Section  2.4, 
we  validate  our  model  through  simulations.  Section  2.5  presents  a  performance  evaluation  of 
both  DSSS  and  FHSS  physical  layers.  In  Section  2.6  we  present  our  conclusions. 

2.2  The  IEEE  802.11  Distributed  Coordination  Eunction  (DCE) 

The  DCF  describes  two  techniques  for  packet  transmission:  the  default,  a  two-way 
handshake  scheme  called  basic  access  mechanism,  and  an  optional  four-way  handshake  mech¬ 
anism.  In  the  basic  access  mechanism,  a  node  monitors  the  channel  to  determine  if  another 
node  is  transmitting  before  initiating  the  transmission  of  a  new  packet.  If  the  channel  is  idle 
for  an  interval  of  time  that  exceeds  the  distributed  interframe  space  (DIFS),  the  packet  is 
transmitted.  Otherwise,  the  node  monitors  the  channel  until  it  is  sensed  idle  for  a  DIFS  in¬ 
terval,  when  it  then  generates  a  random  backoff  interval  for  an  additional  deferral  time  before 
transmitting.  This  collision  avoidance  feature  of  the  protocol  intends  to  minimize  collisions 
during  contention  among  multiple  nodes.  In  addition,  to  avoid  channel  capture,  a  node  must 
wait  a  random  backoff  time  between  two  consecutive  new  packet  transmissions,  even  if  the 
medium  is  sensed  idle  in  the  DIFS  time. 

DCF  has  a  discrete-time  backoff  timer.  The  backoff  timer  is  decremented  only  when 
the  medium  is  idle  and  it  is  frozen  when  the  medium  is  sensed  busy.  After  a  busy  period,  the 
decrementing  of  the  backoff  timer  resumes  only  after  the  medium  has  been  free  longer  than  a 
DIFS  period.  A  transmission  takes  place  when  the  timer  zeros  out.  The  slot  size  of  the  backoff 
timer  is  denoted  by  a,  and  equals  the  time  needed  by  any  node  to  detect  the  transmission  of  a 
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packet  by  any  other  node.  It  is,  therefore,  dependent  on  the  physical  layer  and  accounts  for  the 


propagation  delay,  the  transmit-to-receive  turn-around  time,  and  the  time  to  signal  the  state 
of  the  channel  to  the  MAC  layer.  At  each  packet  transmission,  the  backoff  time  is  uniformly 
chosen  in  the  range  (0, 1C  —  1).  The  value  W  is  called  the  contention  window  and  depends  on 
the  number  of  failed  transmissions  for  a  packet,  i.e.,  for  each  packet  queued  for  transmission, 
the  contention  window  W  takes  an  initial  value  ICmin  that  doubles  after  each  unsuccessful 
packet  transmission,  up  to  a  maximum  of  ITmax  (the  values  of  ITmin  and  ICmax  are  physical- 
layer  specific).  The  contention  window  remains  at  ICmax  for  the  remaining  attempts.  This 
is  the  so-called  exponential  backoff  scheme.  In  the  sequel,  each  attempt  to  transmit  a  packet 
during  the  exponential  backoff  will  be  referred  to  as  a  backoff  stage.  An  ACK  is  transmitted 
by  the  destination  node  to  signal  the  successful  packet  reception.  The  ACK  is  immediately 
transmitted  at  the  end  of  the  packet,  after  a  period  of  time  called  short  interframe  space  (SIFS). 
If  the  transmitting  node  does  not  receive  the  ACK  within  a  specified  fimeouf,  or  if  if  defecfs 
fhe  fransmission  of  a  differenf  packef  on  fhe  channel,  if  reschedules  fhe  packef  transmission 
according  to  the  given  backoff  rules.  Figure  2.1(a)  illustrates  the  basic  access  mechanism. 

The  four-way  handshake  mechanism  involves  the  transmission  of  the  request-to- 
send  (RTS)  and  clear-to-send  (CTS)  control  frames  prior  to  the  transmission  of  the  actual 
data  frame.  A  successful  exchange  of  RTS  and  CTS  frames  attempts  to  reserve  the  channel 
for  the  time  duration  needed  to  transfer  the  data  frame  under  consideration.  The  rules  for 
the  transmission  of  an  RTS  frame  are  the  same  as  those  for  a  data  frame  under  the  basic 
access  scheme.  After  receiving  an  RTS  frame,  the  receiver  responds  with  a  CTS  frame  after 
a  SIFS.  After  the  successful  exchange  of  RTS  and  CTS  frames,  the  data  frame  can  be  sent 
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Figure  2.1;  IEEE  802.11  access  methods:  (a)  Basic  Access,  (b)  RTS/CTS. 


by  the  transmitter  after  waiting  for  a  SIFS  interval.  In  ease  a  CTS  frame  is  not  reeeived 
within  a  predetermined  time  interval,  the  RTS  is  retransmitted  following  the  backoff  rules  as 
specified  in  the  basic  access  procedures  described  above.  The  frames  RTS  and  CTS  carry  the 
information  of  the  length  of  the  packet  to  be  transmitted.  This  information  can  be  read  by  any 
listening  node,  which  is  then  able  to  update  a  network  allocation  vector  (NAV)  containing  the 
information  of  the  period  of  time  in  which  the  channel  will  remain  busy.  Therefore,  when  a 
node  is  hidden  from  either  the  transmitting  or  the  receiving  node,  by  detecting  just  one  frame 
among  the  RTS  and  CTS  frames,  it  can  suitably  delay  further  transmissions  to  try  to  avoid 
collisions.  Figure  2.1(b)  illustrates  the  four- way  handshake  mechanism,  which  we  simply  call 
the  RTS/CTS  mechanism. 
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2.3  Analytical  Model 


In  this  Section,  we  present  the  analytical  model  for  the  average  service  time  and 
jitter  experienced  by  a  packet  in  a  saturated  IEEE  802.11  ad  hoc  network.  Eor  this  purpose, 
we  first  derive  the  average  service  time  and  jitter  as  functions  of  the  channel  state  probabilities. 
Eollowing  that,  we  present  the  computation  of  the  channel  state  probabilities  for  the  case  of  a 
single-hop  ad  hoc  network  under  ideal  channel  conditions. 

2.3.1  Service  Time  Characterization 

As  mentioned  in  Section  2.2,  once  a  node  goes  to  backoff,  its  backoff  time  counter 
decrements  according  to  the  perceived  state  of  the  channel.  If  the  channel  is  sensed  idle, 
the  backoff  time  counter  is  decremented.  Otherwise,  it  is  frozen,  staying  in  this  state  until 
the  channel  is  sensed  idle  again  for  a  time  interval  that  lasts  more  than  a  DIES  interval,  at 
which  time  the  decrementing  operation  is  resumed.  While  the  backoff  timer  is  frozen,  only 
two  mutually  exclusive  events  can  happen  in  the  channel:  either  a  successful  transmission 
takes  place  or  a  packet  collision  occurs.  Therefore,  if  we  denote  the  three  possible  events  a 
node  can  sense  during  its  backoff  by  Es  =  {successful  transmission},  Ei  =  {idle  channel}, 
and  Ec  =  {collision},  each  of  the  time  intervals  between  two  consecutive  backoff  counter 
decrements,  which  we  call  “backoff  steps”,  will  contain  one  of  these  three  mutually  exclusive 
events.  In  other  words,  during  a  node’s  backoff,  the  y-th  “backoff  step”  will  result  in  either  a 
collision,  a  transmission,  or  the  channel  being  sensed  idle.  We  assume  that  events  in  successive 
backoff  steps  are  independent,  which  is  a  reasonable  assumption  if  the  WEAN  is  relatively 
large  and  if  the  time  a  node  spends  on  collision  resolution  is  about  the  same  as  the  time  the 
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channel  is  sensed  bus  due  to  collisions  by  noncolliding  nodes.  In  the  DCF,  a  node  finds  out  that 


a  collision  has  taken  place  if  it  does  not  receive  the  acknowledgment  to  its  transmission  after  a 
certain  timeout  (the  ACK_Timeout  in  the  basic  access  mechanism  and  the  CTS -Timeout  in  the 
RTS/CTS  mechanism).  In  other  words,  if  a  collision  happens  in  a  backoff  step,  the  colliding 
nodes  are  assumed  to  go  through  the  collision  resolution  process  in  this  same  backoff  step 
and,  therefore,  can  be  ready  for  transmission  in  the  following  backoff  step.  This  way,  we 
avoid  dependencies  on  the  number  of  colliding  nodes  at  previous  backoff  steps. 

Given  the  above  considerations,  let  k  denote  the  backoff  stage  at  which  a  specific 
node  is  at  a  certain  instant  of  time,  and  let  be  the  number  of  backoff  time  slots  ran¬ 
domly  chosen  at  the  A:-th  stage.  Assuming  that  the  events  Ei,  Eg,  and  Ec  have  probabilities 
Ps  =  P{Es],Pi  =  P{Ei],  and  pc  =  P{Ec],  respectively,  and  given  that  these  events  are  in¬ 
dependent  and  mutually  exclusive  at  each  backoff  step,  then  the  probability  that  in  nu  slots  we 
have  Vi  “idle  slots”,  Vc  “collision  slots”,  and  Vc  “successful  slots”  is  given  by  the  multinomial 
probability  distribution 


P{r I nfc,p} 


Uk 


Vj  Tr  Ve 

Pi  Pc  Ps 


(2.1) 


where  r  =  [n  rc  r*]^,  p  =  \pi  Pc  Ps]'^,  Pi  +  Pc  +  Ps  =  1,  and  ri  +  rc  +  Vg  =  nu-  Let 
t  =  [a  tc  tg]'^,  where  a  is  the  time  used  when  the  channel  is  sensed  idle  (i.e.,  one  backoff 
slot),  tg  is  the  average  time  the  channel  is  sensed  busy  due  to  a  successful  transmission,  and  tc 
is  the  average  time  the  channel  is  sensed  busy  due  to  a  collision  in  the  channel.  If  we  denote 
by  T^(r;  n^)  the  total  backoff  time  spent  at  the  A:-th  backoff  stage  when  r*  slots  are  idle,  Vc 
slots  have  collisions,  and  Vg  slots  have  successful  transmissions  within  the  randomly  chosen 
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Uk  slots,  then 


Tj^ir;  Uk)  =  r'^t  =  ar^  +  tcVc  +  tsTg.  (2.2) 

Note  that  the  event  £'  =  {  r *  idle  slots,  Tc  eollision  slots,  sueeessful  slots  |  n^}  is 
the  same  as  the  event  E'  =  {baekoff  timer  zeros  out  after  rjcr  +  Vctc  +  Vsts  time  slots  |  n^}. 
Therefore, 

P{r^t|nfc,p}  =  P{r|nfc,p}.  (2.3) 

From  the  above  results,  the  average  time  a  node  spends  at  the  fc-th  baekoff  stage 
when  Uk  baekoff  steps  are  ehosen  is  simply 

T%{nk)  =  E  |rB(r;nfc)  |  nfcj  =  E  {r'^t  |  Uk]  =  E  {r'^  |  Uk]  t  =  [ukPi  UkPc  nkPs]'^t 

=  nk{crpi+tcPc  +  tsPs),  (2.4) 

where  T ^{uk)  indieates  that  E{Tj^{r;nk)  \  Uk}  is  a  funetion  of  the  randomly  ehosen  value 

_ ^ 

Uk  at  the  k-th  baekoff  stage.  We  ean  finally  eompute  the  average  baekoff  time  T ^  at  the 
k-th  stage  by  averaging  over  Uk  as  follows: 

=k  nk{api  +  tcPc  +  tsPs)  a{Wk-l) 

Tb=  2^  TB{nk)P{nk]  =  2^  - — - = - - - ,  (2.5) 

nk=0  rik=0  ^ 

where  a  =  api  +  tcPc  +  tsPs-  This  last  result  is  quite  intuitive:  it  simply  states  that  the  average 
time  a  node  spends  at  the  k-th  baekoff  stage  is  nothing  but  the  produet  of  the  average  number 
of  baekoff  steps,  {Wk  —  l)/2,  times  the  average  baekoff  step  size  a. 

We  are  now  able  to  eonsider  the  more  general  ease  of  the  binary  exponential  baekoff 
algorithm.  Let  be  a  3  x  /c  matrix  whose  eolumns  are  the  k  “eounting  events”  ri,  i  = 
1,2, ...  ,k  of  eaeh  baekoff  stage  up  to  the  fc-th  stage,  i.e,  =  [ri  r2  . . .  r^].  We  are 
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interested  in  eomputing  -PjRfc  |  n^},  where  =  [ni  n2  ...  is  a  eolumn  veetor  of  the 
number  of  time  slots  ehosen  in  eaeh  of  the  k  stages.  By  our  independenee  assumption,  the 
events  that  happen  while  a  node  is  in  its  {k  —  l)-th  baekoff  stage  are  independent  of  the 
events  that  happen  while  the  node  is  in  the  /c-th  stage.  Therefore, 

P{Rk  I  rifc}  =  P{ri  I  rifc}  •  P{r2  |  rifc}  •  . . .  •  P{rk  \  rifc} 

=  P{ri  I  m}  •  P{r2  I  n2}  •  . . .  •  P{rk  \  Uk},  (2.6) 


where  the  last  equality  expresses  the  independenee,  among  stages,  on  the  randomly-ehosen 


number  of  baekoff  steps.  Given  and  n^,  the  total  baekoff  time  ean  be  eomputed  as  follows: 

k—l  k 


TsiRk;  nfc)  =  ^  (rft  +  tc)  +rlt  =  '^rft  +  {k-  l)tc, 


(2.7) 


2=1  2=1 

where  tc  aeeounts  for  the  time  a  node  spends  on  eollision  resolution  (aeeording  to  our  previous 
remark).  We  ean  now  eompute  the  average  time  it  takes  to  sueeessfully  transmit  a  paeket  after 
k  baekoff  stages: 


Tsi^k)  =  E{TB{Rk;  nfc)  I  rifc}  =  ^ 


Rfc  L2=1 


'^rft  +  {k-l)tc 


P{Rk  I nfc} 


'^Tsini)  +  {k-  l)tc 


(2.8) 


2=1 


By  averaging  over  n^,  and  observing  that  the  seleeted  number  of  baekoff  steps  at 
a  speeifie  baekoff  stage  is  independent  of  the  seleeted  number  of  baekoff  steps  at  previous 
stages,  we  have  that 


TB{k)  =  E{TB{Tik)}  =  Yl  TB{rvk)P{^k}  =  Y  H 


nfc 


nfc 


i=l 


E 


Yj^Birii)  +  (/c  -  l)fc 


Hfc  \_i=l 


\[p{ni]  =  YTB  +  {k-l)tc 


(2.9) 


2=1 


2=1 
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where  is  given  by  Eq.(2.5).  This  last  result  simply  tells  us  that  the  baekoff  time  is  a 
non-linear  funetion  of  the  diserete  random  variable  K  of  the  number  of  baekoff  stages  a  node 
has  to  go  through  before  transmitting  a  paeket  sueeessfully.  Consequently,  the  baekoff  time 
probability  distribution  is  the  same  as  the  probability  distribution  of  the  number  of  baekoff 
stages  K^,  whieh  in  turn  is  direetly  related  to  the  probability  that  a  paeket  is  sueeesfully 
transmitted  at  the  end  of  the  /c-th  stage.  Therefore,  if  we  let  be  the  probability  of  sueeess 
that  a  paeket  experienees  when  it  is  transmitted  at  the  end  of  the  /c-th  baekoff  stage,  and  if  we 
make  the  reasonable  assumption  that  Pjpaeket  eollides  at  the  /c-th  stage  |  paeket  eollided  at 
the  1st,  2nd,  . . . ,  (/c  —  l)-th  stages}  =  Pjpaeket  eollides  at  the  /c-th  stage}  then. 


P{K  =  k] 


k-l 


Qk- 


(2.10) 


Li=i  J 

Note  that  if  the  probabilities  qi  are  independent  of  the  baekoff  stage  and  eonstant, 
i.e.,  qj  =  q,  V  i  G  N,  then  we  simply  have  the  geometrie  distribution 


P{K  =  k}  =  {l-qf-^q. 


(2.11) 


For  simplieity,  let  us  assume  from  now  on  that  q*  =  g,  V  i  G  N.  In  faet,  very  aeeurate 
throughput  results  were  obtained  by  Bianehi  [12]  by  assuming  a  eonstant  and  independent 
eollision  probability.  Given  that,  we  ean  now  eompute  the  first  two  moments  of  the  baekoff 
time  Tb(/c).  Let  us  start  with  the  average  baekoff  time  T b-  From  Eq.  (2.9),  we  have 


Tb  =  E{TB{k)}  =  J2TB{k)P{K  =  k}  =  J2 


k=l 


k=l 


+  (k  —  l)tc 


\i=l 


k=i  \i=i 


2q 


(1  -  qr-\ 


(2.12) 


^In  one-to-one  mappings  of  discrete  random  variables,  if  y  =  5(x)  then  P{y  ~  y}  =  P{x  =  x}  [89]. 
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To  compute  the  first  term  of  Eq.  (2. 12),  we  first  observe  that 


IT,'  = 


2*  ^  ITmin  if  1  <  f  <  m 


2™lTmin  ifm<f 


(2.13) 


where  m  is  the  “maximum  backoff  stage”,  i.e.,  the  value  such  that  ITmax  =  2"^iymin-  We  can 
now  compute  the  remaining  summation  in  Eq.  (2.12)  by  splitting  it  into  two  terms  as  follows: 


k=i  \i=i 


E  E  f =  E  E  f (1  -  + 


k=l  \i=l 
oo  /  k 


k=m+l  \2=1 


+  E  Eo^*  (!-(?)'=-'(?  =  51  +  ^2.  (2.14) 


Eor  5i  we  have: 


«■ = E  (e  f  »’'*)  (1  -  ^  ['ri1(V4r]  ^  ^ 


(2.15) 


To  find  ^2,  we  nofice  firsf  fhaf,  for  k  =  m  +  I, 


k  TYL  I  1 

^  O^Wmin  y-v  ^  CiWrain  ^2^+1  _ 


(2.16) 


Hence,  for  k  =  m  +  2, 


k  fm+l  m+2 

yy  ^  aWrmn  yy  2*-!  _j_  yy  2 


i=m+2 


m  ^  [(2™+!  -  1)  +  2'^]  .  (2.17) 


In  general,  for  k  =  m  +  j. 


^  TTA  TIA  fm+l  m+7 

yy  ^  QHVin  yy  ^i-i  +  2 


i=m-\-2 


m  ^  Q^min  ^  _  1)  .  2™]  ^ 


(2.18) 
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Making  the  change  of  variable  j  =  /c  —  (m  +  1)  in  S2,  we  have: 


^  g  -  1)  +  j  •  2”^]  (1  -  qy+^q 


nW  ■  r  ,  2”^i1  — 

_  ^yymm  (1  —  g)™  +  ^  vi 

2  [  q 


(2.19) 


By  adding  5i  to  S2  we  obtain  that  the  average  backoff  time  equals 


Tf,  a(W"min/3  -  1)  ,  (1  -  9)  ^ 

2  B  =  - ^ - ^ - tc, 

2q  q 


(2.20) 


where 


q  -  2^{1  -  q)^+^ 
l-2(l-g) 


(2.21) 


Therefore,  the  average  time  a  packet  spends  in  backoff  is  simply  the  average  number  of  backoff 
stages  it  goes  through  (l/q)  times  the  average  time  it  spends  in  each  backoff  stage,  added  to 
the  respective  average  time  spent  on  collision  resolution.  Note  here  that  the  term  VFmin/3 
works  as  an  “effective  window  size”,  scaling  the  initial  contention  window  size  according  to 
the  maximum  backoff  stage  m  and  the  success  probability  q.  In  the  specific  case  in  which  the 
contention  window  is  constant  at  every  backoff  stage,  i.e.,  Ty  =  T*  =  a{W*-l)/2,  yk  G  N, 
T B{k)  is  simply  T B{k)  =  kT*  +  {k  —  l)tc-  In  this  case,  the  average  backoff  time  reduces  to 


-  a(W*-l)  ,  (1-q)^ 

2  B  =  - ^ - ^ - tc 

2q  q 


(2.22) 


If  we  make  m  =  0  in  Eq.  (2.21),  i.e.,  if  we  fix  the  contention  window  size  to  the  initial 
contention  window  size,  we  have 


—  Q:(IEmin  1)  (1  q)  , 

2  B  =  - - 1 - tc- 

2q  q 


(2.23) 
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In  the  same  way,  if  the  eontention  window  size  is  eonstant  at  every  stage  k,  the 


varianee  of  the  total  baekoff  time  is  given  by 


Ie 


Var  {Tsik)}  =  Var  <^  >  +  (fe  -  1%  }  =  Var  {feT*  +  {k  -  1%}  =  (T*  +  tc) 


U^t 


a{W*  -  1) 


+  tc 


(1-^) 


2(1-^) 

(2.24) 


In  the  ease  of  the  binary  exponential  baekoff  algorithm,  we  need  to  apply  the  same 
teehniques  we  applied  before  to  squared  and  eross-produet  terms.  For  eoneiseness,  we  omit 
here  the  intermediate  steps  and  give  the  final  expression  obtained  after  some  algebra: 


Var{TB(A:)}  = 


a(W^min7  -  1) 


1  2 


+  tc 


(1-9) 


,2  ’ 


(2.25) 


where 

_  { [2q‘^  -Aq  +  l-  m{-l  +  2q)q]  [2(1  -  q)]”^  +  2q^} 

(-l  +  2q)2  ’ 

and,  if  we  make  m  =  0  we  obtain  Eq.  (2.24).  Given  the  baekoff  time  eharaeterization,  the 
average  service  time  T  equals 

T  =  Tb  +  Ts,  (2.26) 


where  Tg  is  the  time  to  sueeessfully  transmit  a  paeket  at  the  end  of  the  baekoff  operation. 
Beeause  Tg  is  a  eonstant, 

Var{T(A:)}  =  Var{rB(A:)}.  (2.27) 

Note  that  the  serviee  time  distribution  is  the  same  as  that  of  the  baekoff  time,  whieh,  in  this 
ease,  is  a  non-linear  funetion  of  a  geometrie  random  variable  with  parameter  q. 
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2.3.2  Channel  Probabilities 


The  model  we  have  just  presented  is  applicable  whenever  the  channel  state  proba¬ 
bilities  p  =  \pi  Pc  PsV'  driving  a  node’s  backoff  operation  are  known.  In  this  Section,  we 
compute  the  values  of  p  for  a  saturated,  single-hop  ad  hoc  network  under  ideal  channel  con¬ 
ditions.  For  this  purpose,  we  rely  on  the  work  by  Bianchi  [12],  which  provides  a  model  to 
evaluate  the  saturation  throughput  of  the  IEEE  802.1 1  MAC  protocol  under  the  hypothesis  of 
ideal  channel  conditions  (i.e.,  no  hidden  terminals  and  capture).  Eollowing  Bianchi’s  analysis, 
we  also  assume  a  fixed  number  of  nodes,  with  each  node  always  having  a  packet  available 
for  transmission,  i.e.,  the  transmission  queue  of  each  node  is  assumed  to  be  always  nonempty. 
The  key  approximation  of  his  model,  which  we  adopt  here  too,  is  that  each  packet,  at  each 
transmission  attempt,  collides  with  constant  and  independent  probability  p  =  1  —  q  regardless 
of  the  number  of  retransmissions  suffered^.  This  probability  is  called  the  conditional  collision 
probability,  meaning  that  this  is  the  probability  of  a  collision  experienced  by  a  packet  being 
transmitted  on  the  channel.  Bianchi  modeled  the  stochastic  process  representing  the  backoff 
time  counter  for  a  given  node  as  a  bidimensional  discrete-time  Markov  process.  According  to 
his  development,  the  probability  r  that  a  node  transmits  in  a  randomly  chosen  slot  time  is  [12] 


T  = 


2(1  -  2p) 


(2.28) 


(1  -  2p)(lTmin  +  1)  +pllVin(l  “  (2p)™)  ’ 

which  is  a  function  of  the  conditional  collision  probability  p,  still  unknown.  To  find  fhe  value 
of  p,  if  is  sufficienf  fo  nofe  fhaf  fhe  probabilify  p  fhaf  a  fransmiffed  packef  faces  a  collision  in 
fhe  channel  is  fhe  probabilify  fhaf  af  leasf  one  of  fhe  n  —  1  remaining  nodes  fransmif  in  a  given 
time  slot.  By  the  independence  assumption  given  above,  each  transmission  experiences  the 


^Note  that  the  prohability  q  is  the  same  as  the  one  we  used  in  Section  2.3.1. 
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system  in  the  same  state,  i.e.,  in  steady  state.  Eaeh  remaining  node  transmits  a  paeket  with 
probability  r  in  steady  state.  Therefore, 

p=  (2.29) 


Equations  (2.28)  and  (2.29)  form  a  nonlinear  system  in  the  two  unknowns  r  and  p 
that  ean  be  solved  using  numerieal  teehniques.  In  faet,  Bianehi  showed  [12]  that  this  system 
has  a  unique  solution.  To  make  things  simpler,  and  to  better  understand  the  effeet  of  different 
parameters  on  these  two  probabilities,  we  will  find  an  approximate  solution  to  this  nonlinear 
system  by  linearizing  both  equations.  Eor  this  purpose,  let  7  =  1  —  r  be  the  probability  that  a 
node  does  not  transmit  in  a  randomly  ehosen  slot  time,  i.e., 

^  (1  -  2p)(VE^in  -  1)  +pW^^{l  -  {2pr) 

^  (l-2p)(VE„,in  +  l)+pIEn.in(l-(2p)-)' 

Given  the  eontinuity  of  both  ^{p)  and  its  derivatives^  in  the  interval  p  G  (0, 1),  the 
Taylor  series  expansion  of  7(p)  at  p  =  0  is  given  by 


,  .  Wmin  -  1  , 
lip)  =  W-r - + 


2Wrr 


^p  +  0(p2), 


(2.31) 


kkmin  +  1  (kkmin  +  1)^ 
where  0{p^)  aeeounts  for  the  seeond  and  high  order  terms  in  the  Taylor  series  expansion. 
Henee,  a  first  order  approximation  of  7(p)  is  simply 

2ITmin 


,  .  W"min  -  1  , 
lip)  =  777 - r-7  + 


(2.32) 


whieh,  in  terms  of  q  =  1  —  p  beeomes 


7(9) 


—  2Wmm  ^min  +  ~  1 

+  1)2  ^  (ifWTlp 


+  1)2 


(2.33) 


^Continuity  with  respect  to  the  critical  value  p  —  1/2  can  be  shown  by  simply  rewriting  j{p)  in  the  same  way 
as  it  was  done  for  r(p)  in  [12]. 
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Given  that  r  =  1  —  7,  we  have 


T{q) 


2Wrr 


2Wry 


(W^min  +  1)‘ 


q  = 


(VFmin  +  1)' 


(1  -p). 


(2.34) 


Figure  2.2  shows  the  eomparison  between  the  nonlinear  relationship  of  Eq.  (2.28) 
with  the  linear  approximation  of  Eq.  (2.34)  for  DSSS  parameters  (PEmin  =  32  and  m  =  5). 
The  error  in  the  approximation  beeomes  more  signifieant  as  the  eollision  probability  grows. 
However,  given  the  range  at  whieh  r  is  varying,  the  error  tends  to  be  very  small.  In  Seetion 
2.5  we  evaluate  the  performanee  of  our  approximation. 


Figure  2.2;  Transmission  probability  r:  comparison  of  nonlinear  relationship  versus  linear  approxi¬ 
mation. 


We  ean  now  substitute  our  approximation  of  T{q)  in  the  equation  that  relates  the 
probability  that  no  node  is  transmitting  at  any  randomly  ehosen  slot  time,  i.e.,  q  =  {1  —  r)”“^. 
Beeause  lEmin  can  assume  values  sueh  as  16  or  32  (depending  on  the  physieal  layer  of  ehoiee, 
aeeording  to  the  IEEE  802.11  speeifieations),  we  have  that  21Emin/ (PPmin  +  1)^  <<  1-  Also, 
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since  0  <  g  <  1,  a  first-order  approximation  ofq  =  {1  —  t)^  ^  is  simply  given  by 

2(n.  l)VFmin 

{W^in  +  iy 

^  (VFmin  +  1)^ 

(W^nin  +  1)^  +  2(n  —  l)VFmin 

which  leads  to  the  following  approximation  for  the  collision  probability  p  : 


q  = 


1  - 


2fVjnin 
{Wmin  +  1) 


2^ 


(2.35) 


_ 2Wmin(n  -  1) _ 

(^min  +  1)^  +  2Vhmin(?^  ~  1) 


(2.36) 


Equations  (2.34)  and  (2.36)  clearly  show  the  decoupling  we  have  achieved  by  lin¬ 
earizing  the  original  system  of  equations.  Figure  2.3  shows  the  conditional  collision  probabil¬ 
ity  p  as  a  function  of  the  number  of  nodes  n  and  the  minimum  contention  window  PEmin-  As 
we  can  see,  for  the  current  parameters  of  the  IEEE  802.11  protocol,  i.e.,  lEmin  =  16  (FSSS) 
and  lEmin  =  32  (DSSS),  the  collision  probability  is  higher  than  0.5  if  the  number  of  nodes  in 
the  wireless  FAN  exceeds  20  nodes. 


Figure  2.3:  Collision  probability  as  a  function  of  number  of  nodes  in  the  network. 


We  can  now  turn  to  the  problem  of  finding  the  conditional  channel  probabilities. 
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represented  here  by  the  veetor  p.  For  this  purpose,  let  Ptr  be  the  probability  that  there  is 
at  least  one  transmission  in  the  eonsidered  time  slot.  Beeause  we  are  eonsidering  the  events 
experieneed  by  a  node  during  its  baekoff  period,  only  the  remaining  n  —  1  nodes  ean  be 
eontending  for  ehannel  aeeess.  Therefore,  beeause  eaeh  of  the  remaining  n—1  nodes  transmits 
a  paeket  with  probability  r  at  steady  state,  we  have 

Ptr  =  l-{l-TT-\  (2.37) 


The  probability  Pguc  that  a  transmission  oeeurring  on  the  ehannel  is  sueeessful  is 
given  by  the  probability  that  exaetly  one  node  transmits  on  the  ehannel,  eonditioned  on  the 
faet  that  at  least  one  node  transmits,  i.e.. 


p  — 


(”i  ^)r(l  -  r)”  2  _  (n  -  l)r(l  -  r) 


n—2 


(2.38) 


Ptr  1  -  (1  - 

Therefore,  the  probability  that  a  sueeessful  transmission  oeeurs  in  a  given  time  slot 
is  ps  =  P{Es]  =  PtrPsuc-  Aeeordingly,  pi  =  P{Ei}  =  I  -  Ptr  and  pc  =  P{Ec}  = 
Ptr  {I  —  Psuc)-  Figure  2.4  shows  these  three  probabilities  as  a  funetion  of  n,  the  number  of 
nodes.  Finally,  for  the  time  intervals  tg  and  tc,  we  follow  the  definitions  given  by  Bianehi  [12], 
where^ 


tg  =  RTS  +  SIFS  +  r  +  CTS  +  SIFS  +  r  +  H  +  E{P]  +  SIFS  +  r  +  ACK+ 

+  DIFS  +  r,  (2.39) 

tc  =  RTS  +  DIFS  +  r,  (2.40) 

where  E{P'\  =  P  for  fixed  paekef  sizes. 

^It  is  shown  in  [48]  that,  for  correct  floor  acquisition  to  occur,  CTS  packets  have  to  be  at  least  the  same  size  as 
RTS  packets  plus  the  turnaround  time  plus  twice  the  propagation  delay,  which  does  not  happen  in  the  IEEE  802. 1 1 
protocol.  We  will  ignore  this  and  consider  that  collisions  involve  RTS  packets  only. 
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Figure  2.4:  Conditional  channel  probabilities. 

2.4  Model  Validation 

In  this  section  we  evaluate  the  accuracy  of  our  model  in  predicting  the  first  two 
moments  of  a  node’s  service  time  in  a  single-hop  IEEE  802.11  WEAN.  Eor  this  purpose,  we 
use  the  simulator  Ns-2  [87]  to  run  simulations  on  network  sizes  varying  from  8  to  56  nodes 
(in  steps  of  8).  All  nodes  transmit  to  some  other  node  in  the  network  according  to  the  same 
CBR  source  rate  with  fixed  packet  sizes  of  1500  bytes  (IP  packet).  We  pick  a  source  rate  high 
enough  to  saturate  the  nodes  for  each  network  size.  Nodes  are  randomly  placed  in  an  area  of 
20  X  20  meters  and  have  no  mobility.  Each  run  corresponds  to  6  minutes  of  data  traffic.  We 
trace  each  node  in  the  network  and  compute  both  the  mean  and  variance  of  its  service  time. 
We  repeat  the  experiment  for  20  different  seeds.  We  do  that  not  just  for  statistical  reasons,  but 
also  because  of  the  fairness  problem  inherent  in  the  IEEE  802.1 1  DCE.  As  already  reported  in 
the  literature  [10, 130],  the  available  bandwidth  is  not  equally  shared  among  competing  nodes 
under  the  IEEE  802. 1 1  protocol.  We  noticed  the  same  behavior  during  our  simulations  in  some 
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Table  2.1:  IEEE  802.1 1  Physical  Layer  Parameters  Used  in  Simulations. 


DSSS 

FHSS 

32 

16 

IFinax 

1024 

1024 

MAC  Header 

34  bytes 

34  bytes 

ACK 

38  bytes 

30  bytes 

CTS 

38  bytes 

30  bytes 

RTS 

44  bytes 

36  bytes 

Slot  Time 

20  /isec 

50  ijsec 

SIFS 

10  /isec 

28  fisec 

DIFS 

50  //sec 

128  ijsec 

ACK_Timeout 

212  fisec 

— 

CTS  Timeout 

348  fisec 

— 

of  the  randomly-chosen  topologies,  where  some  nodes  were  more  successful  in  acquiring  the 
channel  than  others.  Regarding  the  physical  layer,  we  use  Direct-Sequence  Spread  Spectrum 
(DSSS)  with  a  raw  bit  rate  of  2Mbps.  Table  2.1  summarizes  the  parameters  used  for  our 
simulations.  FHSS  standard-specific  paramaters  are  listed  for  completeness  (ACK.Timeout 
and  CTS -Timeout  are  not  specified  in  the  standard).  We  compute  the  average  service  time  and 
jitter  of  each  node  in  each  run,  and  take  the  average  over  all  nodes  in  the  network.  We  repeat 
this  computation  for  all  20  seeds  and  report  the  results  averaged  over  the  20  seeds.  Figure  2.5 
shows  the  numerical  results  for  the  average  service  time  for  both  simulations  and  analytical 
models  (linear  and  nonlinear).  As  we  can  see,  our  analytical  model  performs  quite  well, 
especially  in  small  to  medium-size  networks,  providing  us  with  an  upper  bound  on  the  average 
service  time.  Regarding  the  increasing  discrepancy  observed  as  the  number  of  nodes  grows, 
we  note  two  main  reasons.  First,  in  our  analytical  model,  a  packet  can  backoff  infinitely  in 
time,  whereas  in  simulations  (as  in  the  standard)  retry  counters  help  the  MAC  determine  when 
it  is  no  longer  worth  it  to  continue  attempting  to  transmit  a  packet.  Therefore,  only  packets 
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Figure  2.5;  Average  service  time  as  the  number  of  nodes  increases.  Error  bars  show  the  standard 
deviation  (jitter)  in  both  simulations  and  analytical  models. 

that  were  not  disearded  had  their  serviee  time  eonsidered  in  the  statisties.  The  seeond  reason 
stems  from  our  assumption  that  periods  of  eollision  experieneed  by  eolliding  nodes  have  the 
same  duration  as  the  periods  in  whieh  the  ehannel  is  sensed  busy  by  noneolliding  nodes.  As 
mentioned  before,  this  is  not  neeessarily  true,  beeause  the  CTS  timeout  is  usually  longer  than 
the  assumed  tc,  whieh  lasts  RTS  +  DIFS  +  r  ^usee  for  noneolliding  nodes.  Fortunately,  this 
diserepaney  is  praetieally  irrelevant  if  we  note  the  high  varianee  (jitter)  of  the  serviee  time 
as  the  number  of  nodes  grows,  and  the  faet  that  the  average  serviee  time  predieted  by  both 
linear  and  nonlinear  models  are  within  standard  deviation  of  simulation  results,  as  shown  in 
Figure  2.5.  Another  important  result  is  shown  in  Figure  2.6,  where  we  ean  see  how  aeeurate 
our  analytieal  model  is  in  predieting  the  magnitude  of  the  jitter  experieneed  by  eaeh  node  in 
the  network.  The  similarity  is  quite  striking,  with  the  jitter  predieted  by  the  nonlinear  model 
slightly  less  than  that  in  simulations.  From  Figures  2.5,  and  2.6,  we  see  that  the  linear  model 
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is  a  more  conservative  model,  providing  higher  values  for  both  delay  and  jitter.  This  is  due  to 
the  fact  that,  for  the  same  values  of  n  and  VFmin,  the  probability  of  having  transmissions  and 
collisions  in  the  channel  during  a  node’s  backoff  time  is  usually  higher  for  the  linear  model 
than  for  the  nonlinear  model.  Consequently,  the  delay  and  jitter  are  also  higher. 


0  10  20  30  40  50  60 


Number  of  Stations 

Figure  2.6;  Jitter  magnitude  as  the  number  of  nodes  in  the  network  increases. 

2.5  Performance  Evaluation 

This  section  addresses  the  impact  of  some  of  the  IEEE  802.11  parameters  on  the 
average  service  time  and  jitter  for  both  DSSS  and  EHSS  physical  layers,  based  on  the  model 
we  developed  in  Section  2.3  for  saturated  networks.  Unless  stated  otherwise,  the  parameters 
used  are  the  ones  in  Table  2.1.  Eirst,  we  consider  the  impact  of  the  initial  contention  window 
size  on  the  average  service  time  and  jitter.  Eigures  2.7(a)  and  2.7(c)  show  the  results  for  the 
DSSS  physical  layer  and  Eigures  2.7(b)  and  2.7(d)  show  the  results  for  the  EHSS  physical 
layer.  Erom  the  results,  we  see  that,  overall,  DSSS  performs  better  than  EHSS  in  both  average 
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service  time  and  jitter.  This  can  certainly  be  explained  by  the  significant  sizes  of  the  SIFS 


and  DIFS  time  intervals  specified  for  the  FHSS,  as  shown  in  Table  2.1.  The  length  of  the 
DIFS  and  SIFS  time  intervals  affect  the  average  time  a  node  stays  in  backoff,  leading  to 
significant  higher  average  service  time  and  jitter.  In  particular,  if  we  look  at  the  performance 
for  their  real  parameters  (IFmin  =  32  for  DSSS  and  IFmin  =  16  for  FHSS),  we  see  that 
FHSS  average  service  time  is,  roughly  speaking,  twice  the  values  of  the  DSSS  physical  layer, 
specially  for  large  networks.  DSSS  and  FHSS  exhibit  the  same  behavior  in  terms  of  jitter.  An 
important  observation  to  be  made  here  is  that,  as  far  as  delay  and  jitter  in  saturated  networks 
is  concerned,  increasing  the  initial  contention  window  size  improves  the  performance  of  the 
system  in  both  physical  layers.  Figures  2.7(e),  2.7(f),  2.7(g),  and  2.7(d)  show  very  clearly 
the  impact  of  the  initial  contention  window  size  on  service  time  and  jitter.  The  results  refer 
to  window  sizes  of  8,  16,  32,  64,  128,  512,  and  1024.  Both  metrics  drop  dramatically  as 
we  increase  the  initial  contention  window  size  to  values  such  as  512  or  1024.  For  small  to 
medium-size  networks  (around  20  nodes)  the  jitter  is  very  small  and  the  average  service  time 
is  practically  constant  for  window  sizes  higher  than  128.  For  small  values  of  window  sizes, 
DSSS  still  performs  better  than  FHSS.  Their  performance  becomes  similar  when  window 
sizes  are  bigger  than  128.  Such  results  can  be  easily  explained  by  observing  Figure  2.3,  which 
clearly  shows  that,  as  the  minimum  contention  window  size  increases,  the  collision  probability 
decreases.  Consequently,  transmitted  packets  are  more  likely  to  be  successful. 

Figures  2.8(a),  2.8(b),  2.8(c),  and  2.8(d)  show  the  performance  of  DSSS  and  FHSS 
physical  layers  for  packet  sizes  of  32,  64,  128,  512,  and  1024  bytes  (IP  packets).  We  see  again 
that  DSSS  outperforms  FHSS  in  both  average  service  time  and  jitter.  From  the  graphs,  we 
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(a)  (b) 


(g) 


(h) 


Figure  2.7;  Average  service  time  versus  number  of  nodes  for  different  initial  contention  window  sizes: 
(a)  DSSS  (b)  FHSS.  Jitter  versus  number  of  nodes  for  different  initial  contention  window  sizes:  (c) 
DSSS  (d)  FHSS.  Average  service  time  versus  initial  contention  window  size  for  different  network 
sizes:  (e)  DSSS  (f)  FHSS.  Jitter  versus  initial  contention  window  size  for  different  network  sizes:  (g) 
DSSS  (h)  FHSS.  44 


see  that  performanee  is  not  very  affeeted  for  medium-sized  networks.  However,  the  impaet  on 


system  performanee  is  more  critical  for  large  networks,  where  a  considerable  increase  in  mean 
service  time  and  jitter  is  noticeable  as  packet  size  increases.  This  result  can  be  explained  if 
we  refer  to  Figure  2.4.  In  this  figure,  it  is  shown  that,  as  the  number  of  nodes  increases, 
the  probability  of  having  an  idle  channel  decreases  significantly,  whereas  the  probabilites  of 
collision  and  successful  transmission  increase  (with  the  successful  transmission  probability 
still  greater  than  the  collision  probability).  Therefore,  the  time  ts  the  channel  is  perceived  busy 
due  to  successful  transmissions  becomes  more  relevant  in  large  networks.  From  Eq.  (2.39),  the 
time  ts  depends  on  the  average  packet  size.  Consequently,  the  average  packet  size  will  have  a 
higher  impact  on  the  average  service  time  and  jitter  in  large  networks.  From  these  results,  it 
is  interesting  to  note  that,  even  though  it  is  commonly  stated  that  the  RTS/CTS  mechanism  is 
throughput-effective  when  the  packet  size  increases  [12],  we  are  facing  here  a  clear  trade-off 
on  delay/throughput  performance  as  the  number  of  nodes  increases. 

Figures  2.8(e)  and  2.8(g)  show  the  average  service  time  and  jitter  as  we  vary  the  slot 
time  size  for  the  case  of  the  DSSS  physical  layer.  Figures  2.8(f)  and  2.8(h)  show  the  results 
for  the  FHSS  physical  layer.  Data  packet  size  is  fixed  fo  1024  bytes.  From  fhe  graphs,  we  see 
fhaf,  even  fhough  we  have  a  big  packef  size,  fhe  slof  lime  size  has  neglible  impacl  on  system 
performance  for  bolh  DSSS  and  FHSS  physical  layers.  This  resull  parallels  fhe  one  reported 
by  Bianchi  [12],  where  fhroughpul  does  nol  change  much  as  we  vary  fhe  slof  lime  size.  The 
facl  is  fhaf,  fhe  amounl  of  idle  channel  lime  slill  remains  marginal  wilh  respecl  lo  Ihe  lime 
spenl  in  Iransmissions  and  collisions  regardless  of  how  much  we  increase  Ihe  slol  size. 

Figures  2.9(a),  2.9(b),  2.9(c),  and  2.9(d)  show  Ihe  resulls  quanlifying  Ihe  impacl  of 
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Slot  Size  (jisec)  Slot  Size  (nsec) 


(g)  (h) 

Figure  2.8;  Average  service  time  versus  packet  size  for  different  network  sizes:  (a)  DSSS  (b)  FHSS. 
Jitter  versus  packet  size  for  different  network  sizes:  (c)  DSSS  (d)  FHSS.  Average  service  time  versus 
slot  size  for  different  network  sizes:  (e)  DSSS  (f)  FHSS.  Jitter  versus  slot  size  for  different  network 
sizes:  (g)  DSSS  (h)  FHSS.  46 


the  maximum  backoff  stage  (parameter  m)  on  the  service  time  for  DSSS  and  FHSS  physical 
layers.  The  results  show  that,  as  far  as  service  time  and  jitter  are  concerned,  the  binary  ex¬ 
ponential  backoff  algorithm  can  be  very  harmful  in  large,  saturated  networks  if  the  maximum 
backoff  stage  is  high.  In  both  DSSS  and  FHSS  we  see  that  the  fewer  backoff  stages,  the  better 
is  the  performance,  specially  for  large  networks.  This  fact  suggests  that,  in  saturated  networks 
where  nodes  always  have  a  packet  ready  to  be  sent  in  the  head  of  their  queues,  the  binary 
exponential  backoff  algorithm  seems  to  be  inappropriate.  In  fact,  nodes  will  constantly  have 
to  backoff.  However,  according  to  our  results,  it  is  more  effective  to  keep  a  constant,  large 
contention  window  size  than  to  increase  the  size  of  the  contention  window  exponentially.  This 


way,  nodes  will  be  more  aggressive  in  acquiring  the  floor,  providing  lower  delays. 


Figure  2.9;  Average  service  time  versus  maximum  backoff  stage:  (a)  DSSS  (b)  FHSS.  Jitter  versus 
maximum  backoff  stage:  (c)  DSSS  (d)  FHSS. 
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2.6  Conclusions 


In  this  chapter,  we  presented  an  analytical  model  for  computation  of  the  average 
service  time  and  jitter  experienced  by  a  packet  when  transmitted  in  a  saturated  ad  hoc  network 
in  which  the  IEEE  802.11  DCE  is  used.  Using  a  bottom-up  approach,  we  built  the  first  two 
moments  of  the  service  time  based  on  the  IEEE  802. 1 1  binary  exponential  backoff  algorithm 
and  the  events  underneath  its  operation.  We  provided  a  general  model  that  can  be  applied 
to  many  scenarios  where  the  channel  state  probabilities  that  drive  a  node’s  backoff  operation 
are  known.  Here,  we  applied  our  model  to  saturated  single-hop  networks  with  ideal  channel 
conditions  and  we  carried  out  a  performance  evaluation  of  a  node’s  average  service  time  and 
jitter  for  the  DSSS  and  EHSS  physical  layers.  According  to  our  results,  as  far  as  delay  and 
jitter  are  concerned,  DSSS  performs  better  than  EHSS.  In  addition  to  this,  we  found  that, 
in  contrast  to  previous  studies  on  throughput  in  which  the  RTS/CTS  mechanism  was  found 
to  be  practically  independent  of  the  initial  contention  window  size  and  network  size,  these 
parameters  have  a  major  impact  on  system  performance  if  delay  is  the  metric  in  which  we  are 
interested.  In  this  case,  the  higher  the  initial  contention  window  size,  the  smaller  the  average 
service  time  and  jitter  are,  especially  for  large  networks.  On  the  other  hand,  if  we  consider 
packet  size,  the  opposite  applies:  the  smaller  the  packet,  the  smaller  the  average  service  time 
and  jitter  are.  Regarding  the  slot  time  size,  we  found  that  it  has  neglible  impact  on  delay 
performance  for  both  DSSS  and  EHSS.  Einally,  for  the  maximum  backoff  stage,  the  binary 
exponential  backoff  algorithm  was  found  to  be  harmful  if  both  the  maximum  backoff  stage 
and  the  number  of  nodes  in  the  network  are  large.  As  far  as  delay  in  saturated  IEEE  802.11 
networks  is  concerned,  the  binary  exponential  backoff  algorithm  seems  to  be  inapropriate. 
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and  a  large  and  constant  contention  window  size  was  showed  to  be  more  efficient,  with  packet 
sizes  being  selected  according  to  the  network  size. 
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Chapter  3 


Modeling  IEEE  802.11  Single-Hop 
Networks  under  Fading  Channels 


In  this  chapter,  we  introduce  a  simple,  yet  effective,  analytical  model  that  incorporates  the 
impact  of  the  physical  layer  on  the  operation  of  the  IEEE  802.11  DCE  in  saturated  single¬ 
hop  ad  hoc  networks.  To  show  an  application  of  the  analytical  model,  we  study  the  impact 
of  frequency-nonselective  slowly  time-variant  Rician  fading  channels  on  the  performance  of 
saturated  IEEE  802.11  single-hop  ad  hoc  networks. 

3.1  Introduction 

In  the  previous  chapter,  we  introduced  an  analytical  model  to  characterize  the  ser¬ 
vice  time  of  a  node  in  saturated  IEEE  802.11  ad  hoc  networks.  The  advantage  of  our  model 
is  the  fact  that  it  takes  a  bottom-up  approach  and  builds  the  first  two  moments  of  the  ser- 
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vice  time  based  on  the  events  underlying  the  operation  of  the  IEEE  802. 1 1  binary  exponential 


backoff  algorithm  (rather  than  assuming  or  fitting  a  probability  distribution  to  a  node’s  service 
time).  A  key  characteristic  of  the  model  is  the  fact  that  it  is  general  enough  to  be  applied 
to  any  kind  of  IEEE  802.11  ad  hoc  network  where  the  channel  state  probabilities  govern¬ 
ing  the  binary  exponential  backoff  algorithm  are  known.  Previously,  we  applied  our  results 
to  single-hop  networks  under  ideal  channel  conditions.  In  this  chapter,  we  find  fhe  channel 
sfafe  probabilities  when  fhe  physical  layer  is  explicifly  faken  info  accounf  and  Rician  fading 
channel  is  considered.  We  validafe  our  model  fhrough  simulafions  and  sfudy  fhe  fhroughpuf 
performance  of  fhe  slandard-defined  four-way  handshake  mechanism  under  direcf  sequence 
spread  specfrum  (DSSS)  physical  layer  wifh  differenlial  binary  phase  shifl  keying  (DBPSK) 
modulafion. 

The  resf  of  fhe  chapfer  is  organized  as  follows.  In  Section  3.2  we  presenf  our  ana- 
lyfical  model.  Section  3.3  confains  our  model  validation  and  performance  evaluafion,  and  in 
Section  3.4  we  presenf  our  conclusions. 

3.2  Analytical  Model 

The  model  we  presenfed  in  fhe  previous  chapter  is  applicable  whenever  fhe  channel 
sfafe  probabilifies  p  =  \pi  Pc  Ps]'^  driving  a  node’s  backoff  operafion  are  known.  We  now 
compufe  fhe  values  of  p  for  a  safurafed,  single-hop  ad  hoc  nefwork  when  aspecfs  of  fhe  phys¬ 
ical  layer  are  faken  info  considerafion.  Eor  fhis  purpose,  we  exfend  fhe  work  by  Bianchi  [12], 
who  provided  a  model  fo  evaluate  fhe  safurafion  fhroughpuf  of  fhe  IEEE  802.11  MAC  profo- 
col  under  fhe  hypofhesis  of  ideal  channel  condifions.  Eollowing  Bianchi’s  analysis,  we  also 
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assume  a  fixed  number  n  of  nodes,  with  eaeh  node  always  having  a  paeket  available  for  trans¬ 


mission,  i.e.,  the  transmission  queue  of  eaeh  node  is  assumed  to  be  always  nonempty.  The 
key  approximation  of  his  model,  whieh  we  adopt  here  too,  is  that  eaeh  paeket  eollides  with 
eonstant  and  independent  probability  p  =  1  —  q  at  eaeh  transmission  attempt  regardless  of 
the  number  of  retransmissions  experieneed.  This  probability  is  ealled  the  conditional  colli¬ 
sion  probability,  meaning  that  this  is  the  probability  of  a  eollision  experieneed  by  a  paeket 
being  transmitted  on  the  ehannel.  As  mentioned  in  the  previous  ehapter,  Bianehi  modeled  the 
stoehastie  proeess  representing  the  baekoff  time  eounter  for  a  given  node  as  a  bidimensional 
diserete-time  Markov  proeess.  Aeeording  to  his  development,  the  probability  r  that  a  node 
transmits  in  a  randomly  ehosen  slot  time  is  given  by  Eq.  (2.28),  whieh  is  a  funetion  of  the 
eonditional  eollision  probability  p. 

In  a  real  situation,  one  might  expeet  that  eaeh  node  i  would  transmit  a  paeket  with 
an  individual  transmission  probability  r*  dependent  on  the  individual  eonditional  eollision 
probability  pi  (eharaeterized  by  physieal  layer  eonstraints  sueh  as  path-loss  propagation  to 
reeeiver,  fading,  interferenee,  ete).  But,  beeause  our  foeus  is  on  single-hop  networks,  and  we 
want  to  eonsider  the  general  seenario  where  nodes  move  eonstantly  and  randomly  around  an 
area  (and,  therefore,  their  distanees  to  the  intended  reeeivers  are  ehanging  eonstantly),  by  the 
independenee  assumption  given  above,  we  will  assume  that  eaeh  transmission  experienees  the 
system  in  the  same  state.  Therefore,  at  steady  state,  all  nodes  transmit  a  paeket  with  the  same 
probability  r,  and  paekets  will  eollide  with  the  same  probability  p.  In  effeet,  we  are  assuming 
that,  on  the  average,  all  nodes  experienee  the  same  ehannel  eonditions  (e.g.,  fading,  path-loss 
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propagation,  and  interference)  ^ 

Now,  we  can  compute  the  conditional  collision  probability  p  by  first  considering  the 
probability  q  that  the  packet  does  not  collide.  Notice  that,  in  the  basic  access  scheme,  this 
packet  refers  to  a  data  packet,  whereas  in  the  four-way  handshake  mechanism  this  is  an  RTS. 
By  the  previous  considerations,  the  average  power  of  the  packets  at  any  receiver  is  about  the 
same.  Therefore,  we  assume  that,  if  two  or  more  packets  are  transmitted  at  about  the  same 
time  they  will  collide  in  any  given  receiver  in  the  single-hop  network.  This  means  that  we 
are  not  considering  the  capture  phenomenon.  Given  that,  the  probability  q  that  a  transmitted 
packet  does  not  collide  is  given  by 

q  =  P{packet  does  not  collide}  =  P{no  neighbor  transmits  n  packet  correctly  received} 

=  Pjpacket  correctly  received  |  no  neighbor  transmits}P{no  neighbor  transmits}.  (3.1) 

The  first  probability  is  related  to  the  successful  reception  of  a  packet  by  a  given  re¬ 
ceiver.  Therefore,  it  is  a  function  of  physical  layer  aspects  such  as  the  modulation/demodulation 
scheme  used,  forward  error  control  coding  (FEC),  receiver  structure,  thermal  and  background 
noise,  etc.  In  Section  3.2.1,  we  compute  this  probability  according  to  specific  physical  layer 
and  channel  conditions.  For  the  moment,  let  us  simply  assume  that 

(f)  =  Pjpacket  correctly  received  |  no  neighbor  transmits}.  (3.2) 

From  the  independence  assumptions,  the  second  probability  in  Eq.  (3.1)  will  be  given  by 

P{no  neighbor  transmits}  =  (1  —  r)”“^.  (3.3) 

^Chapters  5  and  6  consider  the  general  case,  where  nodes  are  treated  individually. 
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Therefore, 


q  =  (Pil-Tr-\  (3.4) 

or,  in  terms  of  the  eonditional  eollision  probability  p, 

p  =  1  -  -  Tr-\  (3.5) 


Eqs.  (2.28)  and  (3.5)  form  a  nonlinear  system  in  the  unknowns  r  and  p  that  ean  be 
solved  using  numerieal  teehniques.  By  using  similar  arguments  as  in  [12],  we  ean  show  that 
this  system  has  a  unique  solution  (see  details  in  Appendix  3.5). 

For  simplieity,  and  to  better  understand  the  effeets  of  different  parameters  on  the 
probabilities  r  and  p,  we  find  an  approximate  solution  to  the  previous  nonlinear  system  by 
linearizing  Eqs.  (2.28)  and  (3.5).  We  have  shown  in  the  previous  ehapter  that  a  first-order 
approximation  to  Eq.  (2.28)  is  given  by 


2Wrr 


T  = 


(Wr^in  +  1)2 


(1  -p)  = 


2Wrr 


(VEmin  +  l)2 


(3.6) 


We  ean  now  substitute  the  above  approximation  for  T{q)  in  Eq.  (3.4),  whieh  defines 
fhe  probabilify  of  a  sueeessful  RTS  reeepfion.  Beeause  2VEmin/(llmin  +  l)^  <<  l(in  802.11, 
Wmin  >>  1)  and  0  <  q  <  1,  we  have  fhaf 


q  = 


1  - 


2iyTr 


-|  n—1 


4>{Wmm  +  1)2 


2(j)Wmmin  -  1) 

(VEmin  +  1)2 


-q 


(VEmin  +  1)2  +  2,/.(n  -  1)1E, 


(3.7) 


or,  in  ferms  of  p. 


p  = 


(1  “  </’)(llmin  +  1)^  +  2(f){n  —  l)VErr 
(llmin  +  1)2  +  2(/>VEniin(?^  ~  1) 


(3.8) 
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which  leads  to  the  results  presented  in  Chapter  2  by  making  (f)  =  1.  Eqs.  (3.6)  and  (3.8) 


clearly  show  the  decoupling  we  have  achieved  by  linearizing  the  original  system  of  nonlinear 
Eqs.  (2.28)  and  (3.5). 

We  can  now  turn  to  the  problem  of  finding  the  conditional  channel  state  probabil¬ 
ities  in  p  by  following  similar  procedures  as  in  Chapter  2.  Eor  this  purpose,  let  Ptr  be  the 
probability  that  there  is  at  least  one  transmission  in  the  considered  time  slot.  Because  we  are 
considering  the  events  experienced  by  a  node  during  its  backoff  period,  only  the  remaining 
n  —  1  nodes  can  be  contending  for  channel  access.  Therefore,  because  each  of  the  remaining 
n  —  1  nodes  transmits  a  packet  with  probability  r  at  steady  state,  we  have 

Pt,  =  1  -  (1  -  r)”-\  (3.9) 

The  probability  Pguc  that  a  transmission  occurring  on  the  channel  is  successful  is 
given  by  the  probability  that  exactly  one  node  transmits  on  the  channel  and  its  handshake  is 
successful,  conditioned  on  the  fact  that  at  least  one  node  transmits,  i.e., 

CV) -  t)"-2  („-i),»r(i-Tr-^ 

Therefore,  the  probability  that  a  successful  transmission  occurs  in  a  given  time  slot 
is  ps  =  P{Es}  =  PtrPsuc-  Accordingly,  pi  =  P{Ei}  =  I  -  P^^  and  pc  =  P{Ec}  = 
Ptr(l  -  Psuc)- 

3.2.1  Probability  of  Successful  Packet  Reception 

Now  let  us  consider  the  computation  of  the  probability  (p  that  a  packet  is  correctly 
received.  Eor  this  purpose,  we  need  to  characterize  the  radio  channel  under  consideration. 
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We  assume  that  all  nodes  are  in  line-of-sight  (LOS)  of  eaeh  other,  at  an  indoor  environment 
sueh  as  a  eonferenee  room.  As  far  as  the  large-seale  path  loss  is  eoneemed,  we  adopt  the 
simple  model  in  whieh  the  path  loss  is  a  funetion  of  the  transmitter/reeeiver  distanee  d,  with  a 
path  loss  exponent  rj.  Sueh  models  have  been  used  extensively  in  the  literature  and  are  given 
by  [99] 

Pr  =  PtK(^^y,  (3.11) 

where  k  is  a  unitless  eonstant  whieh  depends  on  faetors  sueh  as  antenna  eharaeteristies,  and 
do  is  the  elose-in  referenee  distanee.  Aeeording  to  reeent  indoor  measurements  for  the  LOS 
path  loss  in  the  2.4  GHz  ISM  band  (the  one  in  whieh  the  IEEE  802.1 1  operates),  the  exponent 
Tj  was  found  to  be  1.91  [25].  Aeeordingly,  for  simplieity,  we  use  the  well-know  free-space 
propagation  model,  in  whieh  rj  =  2  and  k  =  {GTGRX‘^)/{4:7rdo)‘^L,  where  Gt  and  Gr  are 
the  transmitter  and  reeeiver  antenna  gains,  A  is  the  earner  wavelength  in  meters,  and  L  is  the 
system  loss  faetor  not  related  to  propagation  (L  >  1).  Eet  us  denote 


Gloss  (d)  =  K 


(3.12) 


the  attenuation  factor  of  the  free  spaee  model. 

As  far  as  multipath  fading  is  eoneemed,  we  adopt  the  Rieian  fading  model  beeause 
of  the  EOS  nature  of  the  ehannel  [99].  Wysoeki  and  Zepemiek  [141]  earried  out  indoor  mea¬ 
surements  in  the  2.4  GHz  band  and  reported  mean  exeess  delays  Tm  in  the  range  of  43.40  ns  up 
to  57.04  ns.  If  we  approximate  the  eoherenee  bandwidth^  (^/)c  by  (A/)c  ~  l/Tm  [56],  and 
take  a  mean  delay  spread  of  about  45.0  ns,  then  (A/)c  ~  22.22  MHz.  Aeeording  to  the  IEEE 

^There  is  no  exact  definition  for  the  coherence  bandwidth  [99].  Other  definitions  consider  the  coherence 
bandwidth  as  the  bandwidth  over  which  the  frequency  correlation  function  is  above  0.9  or  0.5. 
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802.11  standard,  the  assigned  ehannel  bandwidth  is  about  22  MHz  (after  spreading),  whieh 


means  that,  under  sueh  eonditions,  the  ehannel  ean  be  eonsidered  a  frequency  non-selective 
ehannel  (i.e.,  signal  bandwidth  <  eoherenee  bandwidth).  It  is  important  to  mention  that  the 
spread  speetrum  operation  speeified  in  the  802.11  helps  to  reduee  intersymbol  interferenee 
(ISl),  whieh  is  the  main  effeet  of  a  frequency-selective  ehannel.  Moreover,  real  implemen¬ 
tations  of  matehed-filter  demodulators  [67]  generally  eorrelate  the  whole  PN  sequenee  with 
the  ineoming  signal,  i.e.,  the  sampling  time  is  equal  to  the  original  symbol  duration,  bringing 
the  samples  from  the  ehip  rate  baek  to  the  original  data  rate  (instead  of  performing  per-ehip 
demodulation).  This  way,  possible  effeets  of  some  frequeney-seleetive  fading  on  eaeh  trans¬ 
mitted  chip  are,  in  effeet,  averaged  over  the  symbol  period  and  rejeeted  during  the  de-spread 
operation. 

Now,  if  we  eonsider  a  low  mobility  seenario  (maximum  veloeity  of  5  m/s),  the 
maximum doppler  frequeney  is  fo  =  Umax/A  =  v-fc/c  =  (5x  2.4x  10®)/(3  x  10®)  =  40  Hz. 
In  other  words,  the  coherence  time  Tc  ~  1//d  =  0.025  s.  Therefore,  beeause  the  symbol 
duration  is  mueh  smaller  than  the  eoherenee  time,  the  ehannel  ean  be  eonsidered  as  a  slowly 
time-variant  fading  ehannel.  Finally,  when  data  are  transmitted  over  afrequency-nonselective 
slowly  time-variant  Rieian  fading  ehannel,  the  average  bit-error  probability  for  eonventional 
(two-symbol  observation)  differentially  eoherent  detention  of  DBPSK  is  given  by  [108] 


n 


1  f  l  +  K  \  [  Ky  \ 


(3.13) 


where  K  is  given  by 


K  = 


Power  of  the  line-of-sight  eomponent 
Total  power  of  all  other  seattered  eomponents 


2ar 
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and  7  is  the  average  signal-to-noise  ratio,  defined  by 


7  = 


(3.14) 


with  Eh  denoting  the  energy  per  bit,  No  the  power  speetrum  density  of  the  additive  thermal 
and  baekground  noise  (assumed  white  Gaussian),  the  mean  squared  value  of  iIj  (the 

Rieian-distributed  envelope  of  the  multiplieative  fading). 

In  Qualnet  [105]  (the  simulator  we  use),  it  is  assumed  that  =  Giossid)- 

At  any  time,  the  distanee  between  any  transmitter/reeeiver  pair  is  largely  dependent  on  the 
mobility  pattern  of  the  nodes.  In  simulations,  we  use  the  Random  Waypoint  mobility  model. 
From  the  findings  by  Royer  ef  al.  [102],  we  ean  posfulafe  fhaf  a  reasonable  eandidafe  for  fhe 


pdf  of  fhe  fransmiffer/reeeiver  disfanee  is  a  Maxwell  disfribufion,  i.e.. 


=  ]j^  exp 


,  X  >  0, 


(3.15) 


where  a  is  a  eonsfanf  and  E{X}  =  Rigorously  speaking,  we  should  average  Ph  over 

fhe  fransmiffer/reeeiver  disfanee  d.  Insfead,  fo  make  fhings  simpler,  we  average  fhe  pafh-loss 
affenuafion  faefor  G\o?.?.{d)  over  fhe  disfanee  d,  and  subsfifufe  fhe  resulf  baek  in  Eq.  (3.13).  By 
doing  fhis,  we  are  basieally  eompufing  Ph  for  an  average  affenuafion  faefor  G\oss,  given  by 


Gloss  —  J  G\qs^(^x) f X {x)dx  —  erf  2 


(3.16) 


Considering  a  square  area  of  side  I,  and  fhe  faef  under  fhe  random  waypoinf  mobilify  model 
nodes  are  likely  fo  eoneenfrafe  near  fhe  eenfer  of  fhe  area  [11],  we  will  assume  fhaf  dmax  ~ 
1/2.  If  we  assume  fhaf  E{X}  ss  dmax/  2,  we  have  a  =  128/7r/^  and 


Gloss  - 


l28Kd?,  J  4 


(3.17) 
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Finally,  for  the  additive  noise  at  the  reeeiver  front  end,  we  have  Nq/2  = 

W/Hz,  where  is  the  Boltzmann’s  eonstant  (1.38  x  10“^^  W  s/K),  Tq  is  the  noise  temper¬ 
ature  in  Kelvin,  and  ^  is  a  eonstant,  the  noise  faetor,  used  to  ealeulate  the  thermal  noise  level 
of  the  physical  model  [105]. 

Once  Ph  has  been  found,  we  can  compute  the  probability  that  a  packet  is  correctly 
received  in  Eq.  (3.1).  In  a  slow  fading  channel,  errors  are  likely  to  be  correlated,  occurring 
in  bursts.  In  Qualnet,  though,  it  is  assumed  that  errors  are  independent  from  bit  to  bit  (mem¬ 
oryless  channel).  We  will  follow  their  assumption  for  purposes  of  performance  evaluation. 
Notice  that,  in  the  IEEE  802.11,  the  scrambling/descrambling  operation  works  as  an  inter¬ 
leaver,  helping  the  bit  errors  to  appear  as  random  when  contiguous  bits  are  descrambled.  As  a 
final  remark,  it  has  been  shown  that  the  undetected  error  probability  for  the  16-bit  CCITT  code 
(the  one  used  in  the  preambles  of  the  802.1 1)  is  very  small  [6].  Eor  this  reason,  we  assume  that 
all  single  and  burst  errors  are  correctly  detected  at  the  receiver.  Given  these  considerations, 
if  the  transmitted  packet  is  x  bits  long,  the  probability  (/>  that  a  packet  is  correctly  received  is 
simply 

cj)={l-Pbr.  (3.18) 


3.3  Numerical  Results 

We  use  Qualnet  v.3.5  [105]  to  run  simulations  on  network  sizes  ranging  from  10 
to  60  nodes  (in  steps  of  10).  Nodes  are  randomly  placed  in  an  area  of  50  x  50  m  and  move 
around  the  terrain  with  velocities  in  the  range  [0,  5]  m/s  according  to  the  random  waypoint 
algorithm.  Each  node  transmits  to  one  and  only  one  receiver  during  the  entire  length  of  the 
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simulation  with  the  same  CBR  source  rate.  We  pick  source  rates  high  enough  to  saturate  all 


nodes  in  the  network.  Packet  sizes  are  fixed  to  1500  bytes  (IP  packet)  and  each  simulation  run 
corresponds  to  5  minutes  of  data  traffic.  Regarding  fhe  physical  layer,  we  use  direcf  sequence 
spread  specfrum  (DSSS)  wifh  a  raw  bif  rafe  of  1Mbps  wifh  DBPSK  modulation.  Table  3.1 
summarizes  fhe  resf  of  fhe  paramefers  used  in  fhe  simulafions. 

Figure  3.1(a)  depicfs  simulation  resulfs  for  fhroughpuf  versus  fhe  number  of  nodes 
for  differenl  values  of  fhe  Rice  paramefer  K.  As  we  can  see,  fhroughpuf  varies  according  fo 
fhe  number  of  nodes  and  fhe  paramefer  K.  As  fhe  number  of  nodes  increases,  fhroughpuf  ob¬ 
viously  decays  as  a  resulf  of  higher  confenfion  wifhin  fhe  nefwork.  Regarding  fhe  parameter 
K,  as  if  increases,  fhroughpuf  increases  as  well.  This  is  due  fo  fhe  facl  fhaf  we  have  Rayleigh 
fading  when  K  =  —  oo  dB,  which  corresponds  fo  fhe  worsf  case  scenario,  where  fhere  is  no 
line-of-sighl  componenf.  As  K  increases,  fading  goes  away,  and  fhe  channel  gels  closer  fo 
an  AWGN  channel.  From  fhe  resulfs,  we  notice  lhal  smaller  nefworks  are  more  sensifive  fo 
changes  in  K  fhan  larger  nefworks.  As  fhe  number  of  nodes  increases  (and,  consequenlly, 
confenfion)  packel  collisions  dominafe  fhe  packef  reception  rate,  and  fading  becomes  less  of 
an  issue.  If  is  inferesfing  fo  note  lhal  bolh  behaviors  (i.e.,  fhroughpuf  versus  K  and  number  of 
nodes)  are  caplured  by  fhe  analylical  models,  as  shown  in  Figure  3.1(b).  However,  fhe  analyl- 
ical  models  provide  a  more  conservative  piclure  when  compared  fo  simulafions,  especially  fhe 
linear  model,  given  lhal  if  is  already  an  approximalion  fo  fhe  nonlinear  model.  As  fhe  number 
of  nodes  increases,  fhe  average  fhroughpuf  is  smaller  fhan  in  simulations,  and  sensilivily  fo  K 
is  more  prominenl  for  smaller  numbers  of  nodes,  while  if  is  practically  irrelevanl  for  bigger 
nefwork  sizes.  There  are  fhree  main  reasons  for  fhe  behavior  jusl  observed  in  fhe  analylical 
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Table  3.1:  Simulation  Parameters  for  both  PHY  and  MAC  Layers. 


^^min 

32 

Temperature  (Kelvin) 

290 

^^max 

1024 

Noise  Eaetor 

700 

MAC  Header  (bytes) 

34 

Transmission  Power  (dBm) 

1 

ACK  (bytes) 

38 

Sensitiviy  of  PHY  (dBm) 

-79.0 

CTS  (bytes) 

38 

Minimum  Power  for  reeeived  paeket  (dBm) 

-77.0 

RTS  (bytes) 

44 

Gt 

1 

Slot  Time  (//see) 

20 

Gr 

1 

SIES  (/rsee) 

10 

L 

1 

DIES  (^sec) 

50 

do  (meters) 

1 

ACK_Timeout  (//see) 

212 

Vma.^  (m/s) 

5 

CTS -Timeout  (//see) 

348 

models.  First,  in  the  model  developed  in  Chapter  2,  paekets  are  allowed  to  baekoff  infinitely, 
as  opposed  to  simulations,  whieh  follow  the  IEEE  standard  and  have  retransmission  eounters 
to  limit  the  number  of  times  a  frame  is  retransmitted.  In  our  simulations,  a  fraetion  of  the 
paekets  is  aetually  dropped  beeause  of  this  reason,  espeeially  in  large  network  seenarios.  See- 
ondly,  our  model  assumes  that  periods  of  eollisions  experieneed  by  eolliding  nodes  have  the 
same  duration  as  periods  in  whieh  the  ehannel  is  sensed  busy  by  non-eolliding  nodes.  This 
assumption  has  a  direet  impaet  on  the  number  of  nodes  eontending  for  the  ehannel  at  any 
given  time.  When  two  or  more  nodes  transmit  at  about  the  same  time,  if  their  paekets  eollide, 
they  will  wait  CTS  Timeout  seeonds  until  they  figure  ouf  fhaf  a  eollision  has  oeeurred.  On 
fhe  ofher  hand,  nodes  fhaf  did  nof  fransmif  af  fhaf  parfieular  fime  will  sense  a  “elear  ehannel” 
mueh  earlier  before  eolliding  nodes  do  and,  Iherefore,  are  more  likely  fo  be  ready  fo  transmit 
before  the  eolliding  nodes.  Eor  this  reason,  our  model  implies  a  more  “aggressive”  network, 
where  the  probability  of  having  a  node  transmitting  at  any  given  time  is  higher  than  in  real 
seenarios.  East,  but  not  least,  we  have  the  impaet  of  the  eapture  phenomenon.  As  mentioned 
in  Seetion  3.2,  our  model  does  not  take  into  aeeount  the  eapture  effeets,  whieh  are  present 
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in  Qualnet  simulations  and  are  known  to  affect  throughput  considerably.  Regardless  of  these 


limitations,  both  linear  and  non-linear  models  perform  close  to  simulation  results.  It  is  impor¬ 
tant  to  point  out  here  that,  in  simulations,  nodes  are  constantly  moving  in  different  patterns 
with  transmitter/receiver  distances  varying  according  to  some  unknown  probability  distribu¬ 
tion.  Despite  this  fact,  our  model  is  able  to  capture  the  general  behavior  by  simply  computing 
the  average  attenuation  factor,  as  given  by  Eq.  (3.17).  In  simulations,  signal-to-noise  ratios 
can  vary  by  more  than  33  dB  at  distinct  receivers  due  to  path-loss  propagation  effects.  Con¬ 
sidering  such  a  dynamic  range,  the  results  provided  by  the  analytical  models  have  a  striking 
correlation  with  simulation  results.  It  is  actually  the  computation  of  a  good  “representative”  of 
the  average  signal-to-noise  ratio  the  key  to  diminish  the  differences  between  simulations  and 
analytical  models  with  respect  to  variations  in  K,  which  certainly  depends  on  how  accurate  is 
our  estimation  of  the  probability  distribution  of  the  transmitter-receiver  distance. 

In  order  to  better  show  this  problem.  Figure  3.2  shows  the  theoretical  throughput 
as  a  function  of  the  average  signal-to-noise  ratio  7  as  predicted  by  the  analytical  models. 
In  this  figure,  we  show  analytical  results  for  network  sizes  of  10  and  50  nodes,  as  well  as 
the  case  when  the  channel  has  no  fading  (AWGN  channel,  DBPSK  modulation).  For  these 
cases,  fading  becomes  relevant  when  the  average  signal-to-noise  ratio  is  around  20  dB  or 
less.  Also,  as  we  can  see,  there  is  a  difference  in  signal-to-noise  ratio  of  about  2  dB  with 
respect  to  the  point  where  fading  kicks  off  in  both  network  sizes.  For  a  fixed  SNR,  fhroughpuf 
variafion  is  more  dramatic  in  small  nefwork  sizes,  as  mentioned  before.  As  fhe  SNR  decreases, 
fading  becomes  also  relevanf  in  bigger  nefwork  sizes.  Alfhough  nof  shown  in  fhe  graphs,  fhe 
performance  for  AWGN  channels  also  decreases  for  smaller  SNR  values. 
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Figure  3.2:  Throughput  versus  signal-to-noise  ratio:  performance  comparison  for  channels  with  and 
without  Rician  fading. 


3.4  Conclusions 


In  this  Chapter,  we  introdueed  a  simple,  yet  effeetive,  analytieal  model  for  satu¬ 
rated  IEEE  802.1 1  single-hop  ad  hoe  networks  that  eonsiders  the  impaet  of  the  physieal  layer 
on  protoeol  operation  and  network  performanee.  Using  a  hottom-up  approaeh,  aspeets  of 
the  physieal  layer  were  explieitly  ineorporated  in  the  dynamies  of  the  events  governing  the 
operation  of  the  IEEE  802. 1 1  binary  exponential  baekoff  algorithm,  leading  to  a  more  real- 
istie  eomputation  of  a  node’s  average  serviee  time  and  throughput.  We  studied  the  impaet 
of  frequeney-nonseleetive  slowly  time-variant  Rieian  fading  ehannels  on  the  performanee  of 
saturated  IEEE  802.11  single-hop  ad  hoe  networks.  We  validate  our  model  through  simula¬ 
tions  and  studied  the  throughput  performanee  of  the  four-way  handshake  meehanism  under 
direet  sequenee  spread  speetrum  (DSSS)  with  differential  binary  phase  shift  keying  (DBPSK) 
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modulation.  According  to  our  results,  smaller  networks  are  more  sensitive  to  fading  variations 


than  larger  networks.  As  the  number  of  nodes  increases,  packet  collisions  dominate  the  packet 
reception  rate,  and  fading  becomes  less  of  an  issue. 

3.5  Appendix 

If  we  invert  Eq.  (3.5),  we  obtain  T*{p)  =  1  —  [(1  —  p) / If  (/>  7^  0,  this 
is  a  continuous  and  monotone  increasing  function  in  the  range  p  G  (0, 1),  which  starts  at 
T*(0)  =  1  —  (it  can  be  negative)  and  grows  up  to  r*(l)  =  1  .  On  the  other  hand, 

Eq.  (2.28)  is  also  continuous  in  the  range  p  G  (0, 1)  and  is  a  monotone  decreasing  function 
that  starts  at  t(0)  =  2/(kEmin  +  1)  and  reduces  to  r(l)  =  2/(1  +  2'^Wrr,]^)-  Uniqueness  of 
the  solution  can  be  proven  if  we  can  show  that  t(0)  >  r*(0)  and  r(l)  <  r*(l),  i.e.,  the  two 
curves  intercept  at  some  point  p  G  (0, 1).  Erom  the  above,  we  clearly  have  that  r(l)  <  r*(l). 
Now,  observe  that  r*(0)  >  t(0)  if  and  only  if  1  —  >  2/{Wrmn  +  1)?  i-e-> 

(j)  >  [(lUmin  +  l)/(Umin  ”  Bccausc  the  initial  contention  window  size  lUmin  >  1 

(802.11  standard),  the  right-hand  side  is  always  greater  than  1,  which  implies  that  we  need  to 
have  0  >  1  in  order  for  r*(0)  >  r(0).  However,  because  is  a  probability,  i.e.,  0  <  (/>  <  1, 
there  exists  no  value  of  (p  such  that  r*(0)  >  r(0).  On  the  other  hand,  t(0)  >  r*(0)  if  and 
only  if  2/(lU„,in  +  1)  >  1  -  {1/ i.e.,  P  <  [(lU^in  +  l)/(lUniin  -  lT-\  which  is 
certainly  true;  therefore,  r(0)  >  t*(0). 
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Chapter  4 


Modeling  Energy  Consnmption  in 
Single-Hop  IEEE  802.11  Networks 


This  Chapter  presents  an  analytieal  model  to  prediet  energy  eonsumption  in  saturated  IEEE 
802.11  single-hop  ad  hoe  networks  under  ideal  ehannel  eonditions.  The  model  we  introduee 
takes  into  aeeount  the  different  operational  modes  of  the  IEEE  802.11  DCE  MAC,  and  is 
validated  against  paeket-level  simulations.  In  eontrast  to  previous  works  that  attempted  to 
eharaeterize  the  energy  eonsumption  of  IEEE  802.11  eards  in  isolated,  eontention-free  ehan- 
nels  (i.e.,  single  sender/reeeiver  pair),  we  investigate  the  extreme  opposite  ease,  i.e.,  when 
nodes  need  to  eontend  for  ehannel  aeeess  under  saturation  eonditions.  In  sueh  seenarios,  our 
main  findings  inelude:  (1)  eontrary  to  what  most  previous  results  indieate,  the  radio’s  transmit 
mode  has  marginal  impaet  on  overall  energy  eonsumption,  while  other  modes  (receive,  idle, 
etc.)  are  responsible  for  most  of  the  energy  eonsumed;  (2)  the  energy  eost  to  transmit  useful 
data  inereases  almost  linearly  with  the  network  size;  and  (3)  transmitting  large  payloads  is 
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more  energy  effieient  under  saturation  eonditions;  and  (4)  data  transmissions  at  higher  rates 


have  marginal  impaet  on  overall  energy  eonsumption  in  saturated  networks  under  ideal  ehan- 
nel  eonditions. 


4.1  Introduction 

Sinee  most  ad  hoe  networks  inelude  nodes  that  are  eonneeted  to  limited  power 
sourees  (e.g.,  batteries),  energy  is  a  preeious  resourse.  As  a  result,  in  the  past  few  years, 
the  design  of  “energy-effieient”  or  “energy-aware”  protoeols  for  ad  hoe  networks  has  beeome 
an  area  of  intense  researeh.  Understanding  the  energy  eonsumption  at  all  network  layers — 
as  well  as  the  energy  eonsumed  due  to  inter-layer  interaetions — is  a  fundamental  step  in  the 
design  of  power-effieient  protoeols  for  wireless  ad  hoe  networks. 

As  it  has  already  been  reported  in  the  literature  [110],  [41],  energy  eonsumption 
of  a  wireless  network  interfaee  eard  (NIC)  ean  be  signifieant,  espeeially  when  small,  power- 
anemie  deviees  are  eonsidered.  Typieally,  NICs  implement  two  layers  of  the  protoeol  staek, 
namely  the  medium  aeeess  eontrol  (MAC)  and  the  physieal  (PHY)  layers.  Nowadays,  most 
eommereial  wireless  NICs  are  based  on  the  IEEE  802.11  standard  [64].  The  IEEE  802.11 
MAC  (its  distributed  eoordination  funetion  (DCE),  in  partieular)  is  also  widely  available  in 
many  diserete-event  network  simulators,  and  is  the  MAC  of  ehoiee  in  the  evaluation  of  many 
higher-layer  protoeols  for  ad  hoe  networks.  In  addition,  the  IEEE  802.11  DCE  eontains  vari¬ 
ous  meehanisms  and  features  upon  whieh  many  of  the  reeently-proposed  MAC  protoeols  rely, 
sueh  as  earrier  sensing,  eollision  avoidanee,  exponential  baekoff,  and  others.  Eor  these  rea¬ 
sons,  the  study  of  energy  eonsumption  in  the  IEEE  802. 1 1  DCE  represents  an  important  step 
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towards  the  design  of  future  energy-effieient  protoeols. 


This  ehapter  presents  advanees  in  two  fundamental  aspeets  of  energy-aware  pro¬ 
toeols:  it  introduees  an  analytieal  model  to  prediet  energy  eonsumption  in  single-hop  IEEE 
802.11  ad  hoe  networks  (under  ideal  ehannel  eonditions),  and  it  validates  this  model  with 
diserete-event  simulations  using  Qualnet  v3.6  [105],  for  whieh  an  extended  and  improved 
energy  eonsumption  aeeounting  was  implemented  [80].  In  partieular,  we  are  interested  in 
addressing  the  following  questions:  (1)  How  aeeurate  is  the  analytieal  model  eompared  to 
diserete-event  simulations?  (2)  What  is  the  relative  energy  eonsumption  among  the  MAC 
operational  modes  (e.g.,  transmit,  reeeive,  and  idle)  when  nodes  are  aetively  eontending  for 
ehannel  aeeess  (under  saturation)?  (3)  What  is  the  effieieney  (Joule/Bit)  ineurred  at  eaeh  node 
for  a  speeifie  network  size?  (4)  How  does  effieieney  ehanges  as  the  network  size  inereases? 
(5)  What  is  the  impaet  of  payload  size  on  energy  eonsumption  as  the  number  of  nodes  in¬ 
ereases?  (6)  What  are  the  energy  savings  if  we  transmit  data  at  higher  rates  under  saturation 
and  ideal  ehannel  eonditions? 

Seetion  4.2  presents  a  brief  overview  of  relevant  work  in  energy  eonsumption  in  the 
reeent  past.  Seetion  4.3  presents  the  analytieal  model  based  on  serviee-time  eharaeterization. 
Eollowing  that,  Seetion  4.4  validates  the  model  by  eomparing  its  results  against  data  obtained 
using  paeket-level  simulations.  Einally,  Seetion  4.5  presents  our  eonelusions. 

4.2  Related  Work 

A  number  of  papers  have  eharaeterized  energy  eonsumption  in  the  IEEE  802.11 
DCE.  Stemm  and  Katz  [1 10]  have  measured  the  power  eonsumption  of  some  NICs  when  used 
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by  different  end-user  deviees.  They  also  report  on  transport-  and  applieation-level  strategies  to 


reduee  the  burden  of  energy  eonsumption  at  NICs.  Feeney  and  Nilsson  [41]  have  reported  de¬ 
tailed  energy  eonsumption  measurements  of  some  eommereially-available  IEEE  802. 1 1  NICs 
operating  in  ad  hoe  mode.  Along  the  same  lines,  Ebert  et.  al.  [34],  [35]  have  measured  the  im- 
paet  of  transmission  rate,  transmit  power,  and  paeket  size  on  energy  eonsumption  in  a  typieal 
wireless  network  interfaee.  In  all  previous  works,  however,  the  foeus  was  on  eharaeterizing 
energy  eonsumption  during  the  many  modes  of  operation  of  a  NIC,  under  extremely  simple 
seenarios:  only  two  nodes  operating  in  ad  hoe  mode,  with  one  node  aeting  as  the  sender 
and  the  other  as  the  reeeiver.  None  of  the  efforts  investigated  the  energy  eonsumption  that  is 
drained  from  the  MAC  operation  itself,  i.e.,  when  nodes  need  to  contend  for  channel  access. 
Sueh  studies,  as  pointed  out  by  Eeeney  [41],  are  diffieult  to  reproduee  experimentally,  and 
diserete-event  simulations  or  probabilistie  analysis  are  more  appropriate. 

The  modeling  of  energy  eonsumption  at  the  MAC  layer  has  already  been  treated 
previously  in  the  eontext  of  eellular  networks.  Choekalingam  and  Zorzi  [29]  have  developed 
an  analy deal  framework  to  study  the  energy  effieieney  of  MAC  schemes  whose  operations  can 
be  described  by  finite  state-space  Markov  chains.  In  particular,  they  have  compared  different 
versions  of  a  hybrid  protocol  using  slotted  AEOHA  and  reservation  concepts,  and  evaluated 
their  performance  with  respect  to  the  fading  characteristics  of  the  wireless  channel.  Within 
the  same  context,  Chen  et.  al.  [24]  have  conducted  an  energy  consumption  analysis  of  some 
MAC  protocols,  including  the  IEEE  802.11  itself.  They  showed  that  MAC  protocols  that  aim 
to  reduce  the  number  of  contentions  perform  better  from  an  energy  consumption  perspective. 
As  far  as  the  modeling  of  the  IEEE  802.1 1  is  concerned,  however,  their  approach  falls  short  in 
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providing  an  accurate  description  of  802.1 1  DCF’s  behavior,  because  it  ignores  the  binary  ex¬ 


ponential  backoff  operation,  which  is  at  the  heart  of  the  protocol.  Instead,  retransmissions  and 
newly-generated  packets  are  treated  collectively  as  a  single  Poisson  process.  Moreover,  be¬ 
cause  the  analysis  targets  the  infrastructure  (WLAN)  mode,  the  energy  that  is  consumed  when 
nodes  act  as  receivers  is  not  taken  into  account  and,  therefore,  the  model  is  not  appropriate  for 
an  analysis  of  energy  consumption  in  ad  hoc  networks,  even  fully-connected  ones. 

Qiao  et.  al.  [94]  have  explored  power-conserving  strategies  for  IEEE  802.11a/h  sys¬ 
tems  that  adaptively  select  appropriate  power-rate  settings  for  each  data  transmission  attempt. 
Their  approach  is  based  on  an  off-line  computation  of  a  lookup  table  that  contains  power-rate 
combinations  indexed  by  the  data  transmission  status  (frame  retry  counts,  payload,  etc.).  To 
compute  the  lookup  table,  an  energy  consumption  analysis  of  the  MAC  operation  was  de¬ 
veloped,  and  a  recursive  calculation  of  the  average  total  energy  consumption  was  provided. 
However,  because  the  goal  of  their  analysis  was  the  generation  of  the  lookup  table — not  the 
analysis  of  the  IEEE  802.11  itself — the  account  of  energy  consumption  was  built  from  the 
standpoint  of  a  sending  node  and,  again,  the  model  is  not  suitable  for  the  analysis  of  an  ad  hoc 
network  as  a  whole,  where  nodes  can  play  both  the  sender  and  receiver  roles.  Additionally,  a 
more  careful  analysis  of  the  events  that  happen  during  the  times  the  backoff  counter  is  frozen 
is  lacking,  and  an  upper  bound  was  obtained  instead  for  the  energy  spent  during  those  periods. 

Recently,  Gobriel  et  al.  [55]  have  investigated  the  effect  of  transmission  power  con¬ 
trol  on  overall  throughput  and  energy  savings  in  power-aware  ad  hoc  networks.  The  drawback 
of  their  analysis,  which  targeted  the  IEEE  802. 1 1  DCE,  is  the  fact  that  the  binary  exponential 
backoff  algorithm  is  ignored  and  a  constant  contention  window  size  is  assumed  instead.  Eor 
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this  reason,  as  far  as  energy  consumption  is  concerned,  this  model  is  not  a  good  candidate 


to  accurately  reflect  the  energy  consumption  in  IEEE  802.11  ad  hoc  networks.  In  addition, 
because  the  model  was  not  validated/compared  with  discrete-event  simulations,  the  accuracy 
of  the  model  itself  demands  more  study. 

Concurrently  with  our  previous  work  [22],  Zanella  and  Pellegrini  [147]  have  pro¬ 
vided  an  analytical  model  for  the  energy  consumption  of  single -hop  IEEE  802. 1 1  networks 
under  ideal  channel  conditions.  In  their  work,  they  assume  that  packets  can  be  retransmitted 
indefinetly.  Their  work  focuses  on  the  analytical  computation  of  a  node’s  lifetime.  As  in  the 
work  by  Gobriel  et  al.  [55],  no  validation  of  the  analytical  model  is  carried  out  (e.g.,  against 
packet-level  simulations). 

4.3  Energy- Aware  Model 

Typically,  the  various  tasks  performed  by  a  MAC  protocol  correspond  to  different 
radio  modes,  which  exhibit  different  power  requirements.  In  the  particular  case  of  the  IEEE 
802.11  DCE,  two  power  management  mechanisms  are  supported:  active  and  power-saving 
(PS)  [64].  In  this  paper,  we  only  consider  the  active  mechanism,  in  which  a  node  may  be  in 
one  of  three  different  radio  modes,  namely,  transmit,  receive,  and  idle  modes.  In  an  ad  hoc 
network  under  saturation  conditions,  each  node  actively  contends  for  channel  access  while 
at  the  same  time  is  a  potential  receiver  of  some  other  node’s  transmission.  Therefore,  while 
attempting  to  transmit  its  own  data  frame,  each  node  needs  to  respond  to  transmission  requests 
from  other  nodes.  Consequently,  understanding  the  service  time  in  a  network  under  saturation 
conditions  is  fundamental,  because  nodes  have  to  constantly  switch  to  different  power  modes 
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according  to  the  perceived  state  of  the  channel  and  their  own  operation. 


In  Chapter  2,  we  introduced  an  analytical  model  to  characterize  the  first  two  mo¬ 
ments  of  the  service  time  of  a  node  in  a  saturated  IEEE  802.11  ad  hoc  network.  One  of  the 
drawbacks  of  the  model  is  the  fact  that  frames  are  allowed  to  backoff  infinitely  in  time.  This 
is  not  consistent  with  what  is  defined  in  the  standard,  where  retransmission  counters  limit  the 
number  of  attempts  to  transmit  a  particular  data  frame,  after  which  the  frame  is  dropped.  The 
infinite  backoff  abstraction  makes  the  model  much  more  tractable,  but  makes  it  too  conserva¬ 
tive,  predicting  higher  service  times  (and  consequently,  lower  throughputs)  than  what  actually 
happens  in  the  IEEE  802.1 1  DCE.  In  this  Chapter,  we  extend  the  model  to  include  a  more  real¬ 
istic  approach  regarding  the  IEEE  802. 1 1  binary  exponential  backoff  algorithm  by  developing 
the  average  service  time  for  the  case  of  n  finite  backoff  operation.  Eor  this  purpose,  we  keep 
our  previous  assumption  that  the  conditional  probability  of  a  successful  handshake  per  trans¬ 
mission  attempt,  q,  is  constant.  In  other  words,  at  the  end  of  a  backoff  stage,  the  probability 
of  a  successful  handshake  is  constant,  regardless  of  the  number  of  previous  attempts. 

Now,  let  M  be  the  maximum  number  of  times  a  frame  can  be  retransmitted,  i.e., 
the  maximum  number  of  backoff  stages  a  frame  can  undergo  (defined  in  the  standard).  In  this 
case,  we  have  a  truncated  geometric  distribution,  given  by 

(1  — 

P[B  =  k}=  k=1.2 . A/.  (4.1) 

Hence,  following  the  same  developments  adopted  in  Chapter  2,  the  average  service 
time  is  now  given  by  (omitting  intermediate  steps,  which  are  straigthforward  but  tedious): 

=  +  (4.2) 
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where 


Pi 

A2 


^3 


P2 

P3 


+  ^2  +  ^3 

2q{l  -  [2(1  -  q)r} 
2q-l 


l  +  {l-qr 


(2^+1  _  1)  (1  _  q)m  [1  _  (1  _  q)^-^]  , 
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q 

1  -  {l-q)^{l+qM) 
q[l  -  (1  -  q)^]  ’ 

(l-g)-(l-g)^[l  +  g(M-l)] 
q[l  -  (1  -  q)^] 


(4.3) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

(4.8) 


where  the  parameters  a,  m,  Wmin,  and  tc  are  defined  as  before.  Beeause  we  are  dealing 
with  a  saturated  network  under  ideal  ehannel  eonditions,  the  eomputation  of  the  ehannel  state 
probabilities  Pi,Ps,  and  pc  follow  the  derivations  in  Seetion  2.3.2. 


4.3.1  Energy  Consumption  Model 

To  aeeount  for  the  energy  eonsumption  under  saturation  eonditions,  we  need  to  eon- 
sider  the  many  events  that  take  plaee  while  a  node  is  trying  to  transmit  its  own  data  frame. 
For  this  purpose,  let  us  first  look  at  Eq.  (4.2),  whieh  deseribes  the  average  time  a  node  spends 
in  baekoff.  As  deseribed  in  Seetion  2.3.1,  deerementing  a  node’s  baekoff  time  eounter  de¬ 
pends  on  the  node’s  pereeption  of  the  channel  state.  As  we  have  pointed  out,  there  are  three 
main  ehannel  states  (or  “events”  during  baekoff):  successful  transmission,  collision,  and  idle 
channel  states.  Notiee  that,  these  “states”  do  not  eorrespond  to  the  “modes  of  operation”  of  a 
network  interfaee. 

In  the  successful  transmission  channel  state,  the  node  in  baekoff  experienees  a  sue- 
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cessful  transmission  happening  over  the  ehannel.  This  transmission,  however,  ean  either  refer 


to  a  sueeessful  transmission  between  any  two  nodes  in  the  network,  or  to  a  sueeessful  trans¬ 
mission  having  the  node  itself  as  the  target  reeeiver.  In  the  former  ease,  the  node  in  baekoff 
overhears  an  RTS  and  updates  its  network  alloeation  veetor  (NAV)  aeeordingly  [64],  freezing 
its  baekoff  time  eounter  for  the  duration  of  someone’s  else  four-way  handshake  (or  two-way 
handshake  if  the  basie  aeeess  mode  is  used).  Notiee  that,  in  this  ease,  the  node  in  baekoff  first 
overhears  the  RTS  and  then  stays  idle  for  the  duration  of  the  advertised  transfer,  as  reeorded 
in  the  NAV.  In  the  latter  ease,  i.e.,  when  the  node  itself  is  the  reeipient  of  the  transfer,  it  has  to 
receive  the  RTS  and  DATA  frames  from  the  sender,  and  transmit  the  eorresponding  CTS  and 
ACK  frames  baek  to  the  sender.  Meanwhile,  power  is  also  eonsumed  during  the  time  intervals 
eorresponding  to  SIFS’s,  DIFS’s,  and  propagation  delays  5,  during  whieh  the  node  stays  idle 
or  senses  the  ehannel^ . 

In  the  collision  channel  state,  similar  events  ean  take  plaee  from  the  standpoint  of 
the  node  in  baekoff,  i.e.,  the  node  is  either  overhearing  or  being  the  target  of  a  transmission. 
Here,  however,  the  node  in  baekoff  is  overhearing  an  unsueeessful  transmission  or  is  being  the 
target  of  a  failed  handshake.  As  before,  energy  is  eonsumed  while  in  overhearing  and  reeeiving 
modes,  respeetively.  Nodes  also  eonsume  power  during  the  DIFS  interval  as  the  node  waits 
before  resuming  its  own  baekoff  operation,  after  overhearing/reeeiving  a  failed  handshake. 
Finally,  during  the  idle  channel  state,  the  node  in  baekoff  basieally  senses  the  ehannel  and 
deerements  its  baekoff  time  eounter  eaeh  time  no  aetivity  is  deteeted  for  the  duration  of  a  time 
slot  [64],  [17]. 

^In  reality,  some  power  is  also  consumed  when  the  network  interface  switches  from  one  mode  to  another  as, 
for  instance,  from  the  receive  mode  to  the  transmit  mode  (or  idle  mode).  In  this  paper,  we  disregard  the  power 
costs  of  switching  from  one  mode  to  another. 
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All  these  three  states  correspond  to  times  when  the  node  is  in  backoff,  perceiving  the 


channel  activity,  and  before  attempting  its  own  handshake,  i.e.,  during  the  course  of  a  backoff 
stage,  as  mentioned  in  Section  2.3.1.  The  node  attempts  to  establish  a  handshake  with  its 
intended  receiver  only  at  the  end  of  a  backoff  stage.  Each  time  the  handshake  fails,  the  node 
backs  off  again  and  repeats  the  process,  until  it  finally  succeeds  in  establishing  the  handshake 
and  before  it  reaches  the  maximum  number  of  allowed  retransmissions,  in  which  case,  it  drops 
its  current  data  frame.  In  each  of  its  handshake  attempts,  the  node  waits  for  a  cts  .timeout 
period  before  deciding  that  its  RTS  was  not  successful.  In  our  analytical  model  (Eq.  (4.2)), 
this  collision  resolution  period  is  indicated  by  tc,  which,  as  described  in  Eq.  (2.40),  includes 
the  time  to  transmit  the  RTS  frame.  Therefore,  from  Eq.  (2.40),  DIES  +  5  seconds  are  spent 
in  sensing  the  channel,  waiting  for  the  CTS  frame  that  is  never  received. 

During  a  successful  four-way  handshake  with  the  node’s  intended  receiver,  the  NIC 
switches  through  a  number  of  modes  of  operation.  During  the  four-way  handshake  time  inter¬ 
val  Tg  (i.e.,  ts  —  DIES),  the  node  transmits  an  RTS  and  a  DATA  frame  (expressed  in  Eq.  (2.39) 
by  the  header  H  and  payload  P),  receives  the  CTS  and  ACK  back  from  the  receiver,  and  stays 
idle  during  the  time  intervals  corresponding  to  SIESs  and  propagation  delays  5.  According 
to  experimental  results  reported  by  Eeeney  et.  al.  [41],  the  costs  of  overhearing  a  frame, 
staying  idle,  or  sensing  the  channel  are  only  marginally  different  from  the  cost  of  actually 
receiving  a  frame  (in  the  IEEE  802.11  network  interfaces  evaluated).  Note  that  these  costs 
are  not  provided  by  manufacturers  in  data  sheets.  They  were  all  measured  in  experiments. 
Eor  this  reason,  many  network  simulators  assume  (implicitly  or  explicitly)  the  same  power 
level  for  the  idle,  overhear,  sense,  and  receive  modes  [105].  Consequently,  because  we  want 
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to  compare  our  analytical  model  with  simulation  results,  we  follow  this  same  assumption  and 


consider  two  power  levels  only:  passive,  or  Ppas,  for  the  cases  when  the  NIC  is  in  any  of  the 
four  aforementioned  modes,  and  active,  or  Pact,  for  the  mode  in  which  the  NIC  is  actually 
transmitting  something.  Given  these  considerations,  all  we  need  to  do  is  to  account  for  the 
time  intervals  in  which  the  network  interface  stays  either  in  the  “passive”  or  “active”  modes. 

From  our  previous  remarks,  a  node  will  be  in  “passive”  mode  during  backoff  except 
for  the  case  when  it  is  the  target  receiver  of  a  handshake  request,  in  which  case  it  has  to 
transmit  CTS  and  ACK  frames  back  to  the  sender.  If  we  denote  by  the  time  a  node  is  in 
passive  mode  during  its  backoff,  we  have,  from  Eq.  (4.2), 

rpback  _  Q:(kkmin/^1  —  P2) 

At  the  end  of  a  backoff  stage,  the  node  attempts  to  perform  a  handshake  with  its 
intended  receiver.  Before  succeeding  in  doing  that,  however,  the  node  will  spend  /Ssfc  seconds, 
on  average,  in  collision  resolutions  due  to  unsuccessful  attempts  (as  shown  in  Eq.  (4.2)).  In 
each  collision  resolution  time  interval  tc,  the  node  spends  DIES +5  seconds  in  “passive”  mode. 
Hence,  if  denotes  the  average  time  spent  in  passive  mode  during  collision  resolutions 

and,  likewise,  the  average  time  spent  on  “active”  mode  during  collision  resolution,  we 

have  that 

r“i-"""  =  /33(DIES  +  (5)  and  = /^gRTS.  (4.10) 

When  the  node  succeeds  in  performing  a  handshake,  it  will  spend  Tpaf^^  seconds  in 
passive  mode  during  the  four-way  handshake.  Erom  Eq.  (2.39),  this  time  interval  corresponds 
to 

=  CTS  +  ACK  +  3  X  SIES  +  46,  (4. 1 1) 
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whereas  in  transmission  the  node  will  spend 


=  RTS  +  n  + E{P}. 


(4.12) 


Finally,  we  need  to  take  into  aeeount  the  ease  when  the  node  is  the  target  reeeiver 
of  a  handshake  request  during  its  baekoff,  in  whieh  ease  it  needs  to  transmit  CTS  and  ACK 
frames  baek  to  the  sender.  In  a  single-hop  ad  hoe  network  under  ideal  ehannel  eonditions, 
no  eapture  or  hidden  terminal  problems  happen.  Therefore,  it  is  always  assumed  that  all 
frame  eollisions  are  due  to  RTS  eollisions  at  the  intended  receiver.  This  means  that,  under 
sueh  assumptions,  no  CTS  or  ACK  frame  is  ever  transmitted  unsuccessfully.  Therefore,  the 
reeipient  of  a  handshake  request  only  transmits  a  single  CTS  and  a  single  ACK  frame  for 
eaeh  data  transmission  request,  i.e.,  only  those  frames  eorresponding  to  the  eompletion  of  a 
sueeessful  handshake.  Furthermore,  assuming  a  balaneed  and  fair  distribution  of  load  in  the 
network  if  Ttotai  denotes  the  total  observation  time,  then,  on  average,  Ttotai/T  data  frames 
will  be  reeeived  by  any  node  during  the  time  interval  Tto^ai-  From  the  remarks,  for  eaeh  data 
frame  transmitted  sueeessfully,  there  is  one  and  only  one  CTS  and  ACK  frame  sent  by  the 
intended  reeeiver.  Therefore,  the  average  time  ^  node  spends  transmitting  CTS  and 

ACK  frames  baek  to  other  nodes  (while  the  node  itself  is  in  baekoff)  is  given  by 

=  N{CTS  +  ACK) ,  (4. 1 3) 


where  N  =  Ttotai/T  is  the  average  number  of  data  frames  transmitted  over  the  interval  Ttotai- 

Henee,  if  Spassive  and  SacUve  denote  the  energy  eonsumptions  in  the  passive  and  active  modes, 

^This  assumption  is  realistic  in  ad  hoc  network  scenarios  such  as  n-way  conferencing,  and  sensor  network 
monitoring.  Motivated  hy  applications  that  may  produce  non-uniform  traffic  distributions,  one  of  our  directions  of 
future  work  is  to  extend  our  model  accordingly. 
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respectively,  during  the  observation  time  TtotaU  then,  from  above. 


F  —  NP 

^passive  —  ^  pas 


pback 

^pas 


I  rpcol.res  _|_  rpA.wayX 
'  ^pas  '  ^pas  j 


(4.14) 


and 


active 


NPact 


( rpback  /vr  ^  _i_  rpcoljres  ,  rpA.way\ 

I -^act  ^act  ”1”  ^  act  )  ’ 


(4.15) 


where  the  N 


term  accounts  for  the  N  already  included  in  the  computation  of  Finally, 


the  total  energy  consumption  Stotai  is  simply 


£total  —  “S') 


passive 


+  £t 


active' 


(4.16) 


4.4  Model  Validation  and  Performance  Analysis 

We  validate  our  energy-aware  model  through  packet-level  simulations  using  the 
Qualnet  v3.6  simulator  [105]  with  improved  energy  consumption  instrumentation  [80].  We 
then  use  the  model  to  account  for  energy  consumption  of  saturated  IEEE  802. 1 1  single-hop 
ad  hoc  networks  in  a  variety  of  ad  hoc  scenarios  with  different  network-  and  payload  sizes. 
Results  correspond  to  the  average  of  10  runs  with  different  seeds  and  different  transmission 
start  times  (necessary  to  reduce  IEEE802.1 1  unfairness).  Table  4.1  summarizes  the  simulation 
parameters  used.  It  is  important  to  note  that  simulation  parameters  were  chosen  in  order  to 
provide  a  simulation  environment  as  close  as  possible  to  the  assumptions  made  in  our  model. 

Eigures  4.1  and  4.2  show  the  average  energy  consumption  per  node  (in  Joules)  for 
the  active  and  passive  modes,  as  well  as  their  sum  (i.e.,  the  total  energy  consumption)  for 
different  network  sizes.  Eigure  4. 1  plots  results  for  the  1472-byte  payload,  whereas  Eigure  4.2 
shows  the  results  for  a  payload  of  20-bytes.  As  we  can  observe,  the  analytical  model  predicts 
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Table  4.1:  Simulation  parameters  used  for  validation  of  the  IEEE  802.1 1  energy  consumption  model. 


Parameter 

Value 

Parameter 

Value 

Area 

50  X  50  m 

Phy  model 

phy-IEEE802.ll 

Number  of  nodes 

10,  20,  30,  40,  50 

RX  model 

SNR-based 

Node  plaeement 

random 

RX-SNR-THRESHOED 

10.0 

Node  mobility 

none 

Routing  protoeol 

statie 

Simulation  time 

300  see 

Traffie 

CBR 

Bandwidth 

1  Mbps 

Payload  size 

20  and  1472  bytes 

TX-POWER 

10  dBm 

Paeket  interval 

0.024  see 

RX-POWER 

-82.045  dBm 

Power  eonsumption  in  TX 

1650  mW 

Path  loss  model 
Eading  model 

free-spaee 

none 

Power  eonsumption  in  RX 

1400  mW 

quite  well  the  simulation  results.  Beeause  the  analytieal  model  is  more  eonservative  in  terms 
of  throughput  [17],  it  leads  to  slightly  smaller  energy  eonsumption  values  for  the  active  mode 
and,  eonsequently,  slightly  bigger  values  for  the  passive  mode,  eompared  to  simulations.  It  is 
worth  mentioning  that,  when  eompared  to  the  model,  Qualnet  simulations  use  more  “realistie” 
PHY-layer  parameters,  as  shown  in  Table  4. 1 .  Despite  this  faet,  the  analytieal  model  proved 
to  be  a  good  abstraetion  of  the  simulated  seenarios,  supporting  our  earlier  assumptions  of 
restrieting  eollisions  to  RTS  frames  only  (for  fully-eonneeted  networks). 

Regarding  individual  eontributions  of  the  operational  modes  to  overall  energy  eon- 
sumption,  the  passive  mode  is  responsible  for  the  largest  fraetion  of  the  total  energy  eonsumed. 
For  the  network  sizes  investigated,  the  passive  mode  eonsumes  more  than  88%  of  the  total  en¬ 
ergy  drained  (for  the  ehosen  parameters).  This  result  is  a  direet  eonsequenee  of  the  faet  that, 
under  saturation  and  high  eontention,  nodes  spend  most  of  their  time  baeking  off  and  listening 
to  the  ehannel,  instead  of  aetually  transmitting  data.  For  all  network  sizes  investigated,  the 
average  total  energy  eonsumption  is  about  420  J,  leading  to  an  average  power  eonsumption  of 
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Figure  4.1:  Per-node  average  energy  consumption  versus  network  size  for  a  1472-byte  payload. 
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Figure  4.2:  Per-node  average  energy  consumption  versus  network  size  for  a  20-byte  payload. 


80 


1.4  W  for  the  300  s  period,  i.e.,  equivalent  to  the  nominal  power  setting  for  the  passive  modes 


(energy  consumption  in  RX)  as  shown  in  Table  4.1.  This  is  consistent  with  the  observation 
that  passive  modes  are  responsible  for  most  of  the  energy  dissipated.  As  the  number  of  nodes 
increases,  the  power  consumption  in  passive  mode  increases  from  1.25  W  up  to  1.37  W.  In 
other  words,  although  the  nominal  value  for  the  transmit  (active)  mode  is  250  mW  higher 
than  the  value  for  the  receive  (passive)  mode,  its  impact  is  practically  insignificant  as  far 
as  the  MAC  operation  in  saturation  conditions  is  concerned.  This  result  opposes  the  findings 
in  [41]  and  [34]  which,  under  fhe  perspective  of  a  fwo-node  scenario  (sender/receiver)  wifhouf 
confenfion,  fransmif  mode  is  fhe  largesl  overall  energy  consumer. 

In  cases  where  power-saving  mefhods  cannof  be  employed  for  some  reason  (like  fhe 
IEEE  802.11  power  saving  (PS)  mode  [64],  nol  available  af  some  NICs),  Ibis  resulf  suggesfs 
fhaf  one  can  design  energy-efficienl  WEAN  devices  by  focusing  on  fhe  opfimizafion  of  circuifs 
fhaf  are  mainly  acfive  during  passive  modes  of  operation  (see  [94]  for  a  simplified  block 
diagram  of  a  WEAN  device).  In  facl,  in  typical  WEAN  devices,  fhe  RE  power  amplifier  is  a 
key  componenf  fhaf,  alone,  demands  mosf  of  fhe  nominal  power  consumption,  and  if  is  used 
only  in  fhe  fransmif  mode  [34],  [94].  According  fo  our  resulfs,  fhis  is  exacfly  fhe  componenf 
fhaf  will  ajfect  performance  the  least,  as  far  as  energy  consumpfion  under  channel  confenfion 
is  concerned. 

Anofher  inferesfing  observafion  from  Eigures  4.1  and  4.2  is  fhaf  fhe  energy  spenf 
on  bofh  20-  and  1472-byfe  Iransfers  are  equivalenf  in  all  modes  of  operafion.  In  ofher  words, 
from  fhe  sfandpoinf  of  energy-efficiency,  if  is  beffer  fo  fransmif  bigger  payloads  fhan  smaller 
payloads,  because  fhe  nef  energy  consumpfion  is  fhe  same.  This  lasf  resulf  can  be  beffer 
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illustrated  by  the  energy  efficiency  to  transmit  useful  data,  Seff  given  by 


EeS  = 


Total  Power  Consumption  J/s 


Goodput 


Bit/s' 


(4.17) 


Figure  4.3  shows  the  behavior  of  SgS  for  tho  eases  of  20-  and  1472-byte  data  pay- 
loads  as  the  number  of  nodes  inereases.  Surprisingly,  the  energy  eost  appears  to  have  an 
almost  linear  inerease  with  network  size.  Moreover,  the  energy  eost  to  transmit  a  20-byte  data 
payload  grows  at  a  rate  that  is  about  one  order  of  magnitude  higher  than  the  eost  to  transmit 
a  1472-byte  payload.  For  the  1472-byte  seenario,  the  energy  eost  grows  at  a  rate  of  approx¬ 
imately  0.002  mJ/Bit,  whereas  in  the  20-byte  seenario,  the  energy  eost  grows  at  0.02  mJ/Bit. 


Figure  4.3:  Energy  efficiency  (millijoules  per  bit)  versus  network  size  for  20-byte  and  1472-byte 
payloads. 


The  usefulness  of  an  analytieal  model  sueh  as  the  one  we  provide  here  is  the  ability 


to  provide  quiek  answers  without  resorting  to  simulations.  As  an  example,  we  use  it  to  analyze 
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the  energy  consumption  of  commercially-available  NICs,  namely  the  Lucent  WaveLan  card 


transmitting  at  both  1  Mbps  (TX  =  1650  mW  and  RX  =  1400  mW)  and  1 1  Mbps  (TX  =  1400 
mW  and  RX  =  900  mW),  and  the  Cisco  Aironet  PC4800  at  1  Mbps  (TX  =  2200  mW  and 
RX  =  1350  mW)  [34].  Figure  4.4  shows  that,  as  expected,  the  power  setting  that  provides  the 
smallest  energy  consumption  is  exactly  the  one  with  the  smallest  power  level  in  passive  mode, 
i.e,  the  11 -Mbps  WaveLan.  Another  interesting  result  is  the  little  impact  that  transmit  power 
has  on  overall  results.  All  three  settings  showed  similar  performance  in  active  mode,  despite 
their  relative  nominal  power  differences. 
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Figure  4.4;  Energy  consumption  from  the  analytical  model  for  different  power  settings. 


This  last  set  of  results  prompts  the  following  question:  what  is  the  actual  impact  of 
the  data  rate  on  energy  efficiency  if  power  levels  are  kept  constant  (in  reality,  power  levels 
change  for  different  modulation  schemes)?  To  answer  this  question,  we  investigate  what  is 
the  energy  consumption  for  the  four  data  rates  supported  by  the  IEEE  802.11  b,  namely:  1 
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Mbps  (BPSK),  2  Mbps  (QPSK),  5.5  Mbps  (CCK),  and  11  Mbps  (CCK).  Figure  4.5  shows 


the  energy  consumption  results  when  TX  =  1400  mW,  RX  =  900  mW,  and  the  payload  size 
is  1472  bytes.  We  choose  this  payload  size  to  emphasize  the  impact  of  the  data  rate,  since 
the  headers  are  always  transmitted  at  1  Mbps  using  DBPSK.  As  we  can  see,  the  higher  the 
data  rate  is,  the  higher  the  energy  savings  become.  Unfortunately,  such  energy  savings  are 
not  very  significant,  implying  that,  as  far  as  single-hop  saturated  networks  under  ideal  channel 
conditions  are  concerned,  different  data  rates  have  little  impact  on  overall  energy  consumption. 
Notice  that,  our  focus  here  is  on  how  much  energy  can  be  saved  by  simply  transmitting  data  at 
higher  speeds.  Obviously,  when  channel  impairments  are  considered,  it  is  extremely  important 
to  select  an  appropriate  power-rate  setting  that  can  overcome  significant  channel  losses,  as 
pointed  out  by  Qiao  et  al.  [94],  for  example. 


Figure  4.5:  Overall  energy  consumption  for  different  transmit  data  rates  and  fixed  power  levels  (TX  = 
1400  mW  and  RX  =  900  mW). 
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4.5  Conclusions 


In  this  Chapter,  we  have  introdueed  a  simple  analytieal  model  to  prediet  energy 
eonsumption  in  saturated  IEEE  802. 1 1  single-hop  ad  hoe  networks  under  ideal  ehannel  eon- 
ditions.  In  eontrast  to  previous  work  that  has  foeused  on  power  eonsumption  of  IEEE  802.1 1 
NICs  without  any  ehannel  eontention,  the  opposite  ease  was  investigated  here,  with  nodes 
aetively  eontending  for  ehannel  aeeess  under  saturation  eonditions.  In  that  ease,  the  passive 
modes  of  the  MAC  operation  dominate  the  energy  eonsumption,  whereas  the  active  mode 
has  just  marginal  impaet  (even  when  different  power  settings  were  used).  In  addition,  we 
have  found  that  the  energy  eost  to  transmit  useful  data  grows  almost  linearly  with  the  network 
size,  and  that  the  transmission  of  large  data  payloads  is  more  advantageous  from  the  stand¬ 
point  of  energy  eonsumption  under  saturation  eonditions.  Einally,  we  have  also  observed  that 
transmitting  at  higher  data  rates  does  not  translate  into  signifieant  energy  savings  in  saturated 
single-hop  networks  under  ideal  ehannel  eonditions. 
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Chapter  5 


A  Modeling  Framework  for  MAC 
Protocols  in  Ad  Hoc  Networks 


In  this  chapter,  we  introduce  a  new  modeling  framework  for  the  analytical  study  of  medium 
access  control  (MAC)  protocols  operating  in  multihop  ad  hoc  networks.  The  model  focuses 
on  the  interactions  between  the  PHY  and  the  MAC  layers,  and  on  the  impact  that  each  node 
has  on  the  dynamics  of  every  other  node  in  the  network — all  conveniently  conveyed  through 
the  use  of  interference  matrices.  A  key  feature  of  the  model  is  that  nodes  can  be  modeled 
individually,  i.e.,  it  allows  a  per-node  setup  of  many  layer-specific  parameters.  Moreover,  no 
spatial  probability  distribution  or  special  arrangement  of  nodes  is  assumed;  the  model  allows 
the  computation  of  individual  (per-node)  performance  metrics  for  any  given  network  topology 
and  radio  channel  model. 
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5.1  Introduction 


As  mentioned  in  Chapter  1,  the  main  task  of  the  medium  aeeess  eontrol  (MAC) 
protoeol  of  a  eomputer  network  is  to  enable  nodes  to  determine  their  right  to  aeeess  the  avail¬ 
able  ehannel(s)  while  attempting  to  enforee  a  fair  and  effieient  usage  of  the  ehannel(s).  To 
aeeomplish  this  task,  the  MAC  protoeol  makes  use  of  input  and/ or  feedback  information  that 
other  layers  of  the  protoeol  staek  may  eonvey  to  it  direetly  or  indireetly.  Typieally,  however, 
the  MAC  layer  is  mostly  interested  in  the  information  it  reeeives  from  the  underlying  phys- 
ieal  (PHY)  layer  regarding  the  state(s)  of  the  ehannel(s)  and/or  the  oeeurrenee  of  any  events 
that  are  key  to  its  operation  (e.g.,  the  sueeessful  transmission  of  a  frame  over  the  ehannel). 
Based  on  the  input/feedbaek  information,  the  MAC  protoeol  dynamieally  adjusts  its  behavior 
in  order  to  better  alloeate  the  ehannel(s)  among  eompeting  nodes  within  the  network. 

The  PHY  layer,  on  the  other  hand,  has  the  main  job  of  reeeiving  the  bits  of  informa¬ 
tion  from  the  MAC  layer  and,  at  the  MAC’S  diseretion,  transmit  the  bits  aeross  the  underlying 
eommunieation  ehannel(s)  as  fast  and  reliable  as  possible,  aeeording  to  appropriate  (de)eoding 
and  (de)modulation  sehemes.  The  likelihood  with  whieh  a  transmission  is  sueeessful  will  de¬ 
pend  on  how  well  the  signaling  used  defends  against  ehannel  impairments  and  interferenee 
from  any  souree. 

In  wireless  ad  hoe  networks,  in  partieular,  the  signal  transmissions  from  any  node 
ean  potentially  interfere  with  signal  reeeptions  at  any  other  node  in  the  network  due  to  the 
broadeast  nature  of  the  radio  ehannels.  Henee,  the  quality  of  a  radio  link  depends  on  the 
transmission  aetivity  of  every  node  in  the  entire  system,  whose  aggregate  signal  powers  ean 
severely  degrade  the  signal-to-noise  ratio  (SNR)  at  a  partieular  reeeiver  and,  eonsequently. 
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compromise  the  successful  reception  of  any  on-going  packet  transmission.  As  a  result,  each 


node’s  transmission  activity  can  affect  the  PHY-layer  performance  at  every  node  in  the  net¬ 
work,  which,  in  turn,  can  affect  back  their  MAC  dynamics.  Clearly,  the  dynamics  of  the  MAC 
layer  is  tightly  connected  to  the  dynamics  of  the  PHY  layer,  and  the  cross-layer  interactions  at 
each  node  will  depend,  fundamentally,  on  the  activity  of  every  node  in  the  network. 

In  addition,  because  of  radio  wave  propagation  effects  and  multiaccess  activity,  con¬ 
nectivity  among  nodes  is  not  a  deterministic  “boolean  function”  and,  therefore,  the  underlying 
network  topology  is  not  as  clearly  defined  as  in  wired  networks,  which  makes  interdependen¬ 
cies  among  nodes  a  complex  matter.  For  this  reason,  the  performance  experienced  by  each 
node  is  a  complex  function  of  the  signals  used  at  the  PHY  layer,  the  scheduling  established  at 
the  MAC  layer,  and  the  radio  topology  of  the  network. 

Unfortunately,  the  bulk  of  the  published  work  on  ad  hoc  networks  has  focused  on 
the  modeling  of  medium  access  control  schemes  where  ideal  channel  conditions  and  unreal¬ 
istic  assumptions  are  made.  Under  the  argument  of  separating  the  issues  strictly  related  to 
the  MAC  operation  from  the  issues  intrinsically  related  to  the  physical  layer,  few  studies  have 
attempted  to  incorporate  physical  layer  aspects  directly  into  the  behavior  of  the  MAC  protocol, 
i.e.,  explicitly  modeling  the  impact  of  the  physical  layer  on  the  dynamics  of  the  MAC  protocol. 
Perhaps,  more  importantly,  no  attempt  has  ever  been  made  to  include  not  only  the  physical- 
layer  aspects  explicitly  into  the  model,  but  also  to  include  the  interdependencies  among  nodes 
under  a  radio-based  topology  in  a  multihop  ad  hoc  network.  Although  convenient  for  analyti¬ 
cal  modeling,  it  is  not  true  that  only  the  “one  hop”  neighbors  of  a  node  can  cause  interference 


at  a  node. 


In  this  chapter,  we  introduce  a  new  modeling  framework  for  the  analytical  study  of 


any  MAC  protocol  operating  in  multihop  ad  hoc  networks.  The  model  focuses  on  the  inter¬ 
actions  between  the  PHY  and  the  MAC  layers,  and  on  the  impact  that  each  node  has  on  the 
dynamics  of  every  other  node  in  the  network.  To  account  for  the  effects  of  both  cross-layer  in¬ 
teractions  and  the  interference  among  all  nodes,  a  novel  linear  model  is  introduced  with  which 
topology  and  PHY/MAC-layer  aspects  are  naturally  incorporated  in  what  we  define  as  inter¬ 
ference  matrices.  A  key  feature  of  the  model  is  that  nodes  can  be  modeled  individually,  i.e.,  it 
allows  a  per-node  setup  of  many  layer-specific  paramefers.  Moreover,  no  spatial  probabilify 
dislribufion  or  special  arrangemenf  of  nodes  is  assumed;  fhe  model  allows  fhe  compufafion  of 
individual  (per-node)  performance  mefrics  for  any  given  nefwork  topology  and  radio  channel 
model. 

In  fhe  sequel,  we  build  our  modeling  framework  in  probabilisfic  terms,  i.e.,  we 
express  fhe  inpuf  and/or  feedback  information  conveyed  fo  fhe  MAC  layer  in  ferms  of  proba- 
bilifies,  as  well  as  fhe  oufpuf  of  fhe  MAC  layer,  i.e.,  fhe  scheduling  rates  (fransmission  proba¬ 
bilities). 

5.2  Modeling  the  Medium  Access  Control  (MAC)  Layer 

Lef  denofe  a  vector  whose  enfries  are  fhe  inpuf  and  feedback  informafion  used 
by  a  particular  MAC  protocol  af  each  node  i  G  C  af  time  t,  where  C  is  a  sef  of  |1/|  =  n  nodes 
in  fhe  nefwork.  Because  we  are  proposing  a  probabilisfic  model,  we  assume  fhaf  fhe  enfries 
of  fhe  vecfor  are,  in  facf,  probabilities,  i.e.,  fhey  represenf  probabilities  of  evenfs  whose 

oufcomes  are  importanf  inpuf  and/or  feedback  informafion  fo  fhe  operation  of  fhe  MAC  profo- 
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col  in  place.  In  this  sense,  a  MAC  protocol  can  be  seen  as  a  stochastic  dynamic  system  whose 
input  and  feedback  information  are  contained  in  the  vector  of  probabilities  and  the  cor¬ 

responding  output  is  the  scheduling  rate  (f) .  Therefore,  in  principle,  the  MAC  operation  can 
be  represented  by  some  function  that  maps  ^  (f)  into  the  desired  output  n  (t) . 

Strictly  speaking,  the  MAC  operation  should  be  seen  as  a  time-variant  system,  where 
probabilities  should  also  be  time-variant  (a  stochastic  process).  However,  we  will  assume  that 
in  the  long-run  (or  in  steady-state),  the  operation  of  the  MAC  protocol  can  be  represented 
by  a  time-invariant  (linear  or  non-linear)  function  hi{-)  relating  the  steady-state  probability 
vector  to  the  steady-state  scheduling  rate  r^,  i.e.,  if  we  let  r*  =  limt^oo  A(f)  and  = 
limt^oo  ‘■Pi{t),  we  assume  that  there  exists  a  function  hi{-)  such  that 

Ti  =  hi{pi),  ieV,  (5.1) 

where  the  subscript  i  in  the  mapping  function  hi{-)  denotes  a  node-specific  instantiation  of  the 
MAC  protocol  in  use. 

The  number  and  nature  of  input/feedback  entries  in  the  vector  Pi{t)  will  depend  on 
the  MAC  protocol  in  place  and  the  scenarios  investigated.  For  instance,  one  should  expect 
Ti  to  be  a  function  of  the  steady-state  probability  that  a  packet  is  available  at  a  node’s  input 
queue,  i.e.,  that  the  queue  is  not  empty.  Consequently,  Ti  should  also  be  a  function  of  the  input 
data  traffic  disfribufion  af  node  i  ^  V.  Many  fimes,  however,  fhe  fhroughpuf  of  an  ad  hoc 
nefwork  is  sfudied  by  assuming  safurafion  af  all  nodes,  i.e.,  all  buffers  are  considered  fo  be 
full  [122].  In  Ibis  case,  one  is  normally  concerned  wifh  fhe  maximum  fhroughpuf  affainable 
by  fhe  nefwork  when  all  nodes  are  actively  seeking  access  fo  fhe  channel. 

In  fhe  case  of  carrier  sense-based  MAC  protocols,  an  example  of  relevanf  feedback 
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information  from  the  PHY  layer  is  the  probability  that  the  channel  is  sensed  idle  by  a  node 


that  wants  to  transmit  a  frame  over  the  ehannel.  In  sueh  protoeols,  a  node  only  attempts  to 
transmit  a  frame  if  the  ehannel  is  sensed  idle,  i.e.,  if  the  signal  power  eaptured  by  the  node’s 
antenna(s)  is  below  some  signal  power  threshold,  meaning  that  no  on-going  transmission  over 
the  ehannel  is  happening  within  the  node’s  immediate  neighborhood.  Otherwise,  the  node 
refrains  from  transmitting  the  frame. 

As  far  as  a  reliable  delivery  service  at  a  given  MAC  protoeol  is  eoneemed  (eon- 
tention  or  sehedule-based  MAC),  the  single  most  important  feedbaek  information  is  the  prob¬ 
ability  that  a  frame  transmission  is  successful.  This  is,  in  faet,  the  main  information  on  whieh 
the  MAC  protoeol  basis  its  behavior  in  order  to  sehedule  retransmissions  and  transmissions  of 
new  frames.  This  information  is  the  key  link  between  the  PHY  and  MAC  layers.  Depending 
on  how  well  the  signaling  used  defends  against  ehannel  impairments  determines  the  evolution 
of  the  MAC  protoeol  itself.  Moreover,  due  to  the  inherent  broadeast  nature  of  wireless  net¬ 
works,  this  feedbaek  probability  depends  on  the  aetivity  of  every  other  node  in  the  network, 
whieh,  in  turn,  depends  on  how  well  the  PHY  layer  guarantees  the  minimum  interferenee 
among  simultaneous  transmissions  and  how  well  the  MAC  protoeol  avoids  the  eoneurrent 
seheduling  of  potential  interfering  transmissions  over  the  ehannel. 

In  the  next  seetion,  we  model  the  impaet  of  the  PHY  layer  with  respeet  to  some  of 
the  aforementioned  feedbaek  probabilities. 
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5.3  Impact  of  the  Physical  (PHY)  Layer 


In  this  section,  we  present  the  modeling  of  the  impact  of  the  PHY  layer  by  intro¬ 
ducing  the  computation  of  some  feedback  probabilities.  First,  we  present  the  computation  of 
the  successful  frame  reception  probability,  which  reflects  a  node’s  capability  to  successfully 
receive  a  frame  transmitted  to  it.  Once  this  probability  is  known,  we  can  compute  the  prob¬ 
ability  of  a  successful  handshake,  which  represents  the  most  important  feedback  information 
for  a  reliable  delivery  service  at  the  MAC  layer.  Lastly,  we  show  how  to  compute  the  prob¬ 
ability  that  the  channel  is  busy,  a  key  information  that  is  needed  within  the  class  of  carrier 
sense-based  MAC  protocols. 

5.3.1  The  Successful  Frame  Reception  Probability 

The  quality  of  the  radio  link  between  any  two  nodes  in  an  ad  hoc  network  may 
vary  considerably  over  time,  even  in  the  case  when  the  two  nodes  are  within  range  of  each 
other.  The  time-variant  nature  of  a  radio  link  is  due  to  physical  layer  aspects,  as  well  as 
the  transmission  activity  of  all  other  nodes  in  the  network,  which  is  controlled  by  the  MAC 
scheme.  Individually,  a  node’s  transmission  may  not  interfere  with  some  packet  reception 
at  a  distant  node.  However,  collectively,  the  aggregate  interference  from  many  simultaneous 
transmissions  might  do. 

With  few  exceptions  (e.g.,  [71, 151]),  most  prior  models  of  MAC  protocols  assume 
that  all  packets  received  at  the  same  time  at  a  given  receiver  “collide”  and,  therefore,  are 
destroyed.  This  assumption  is  reasonable  if  the  powers  of  the  received  signals  are  nearly  the 
same.  In  most  situations,  however,  the  powers  of  the  received  signals  are  subject  to  large- 
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scale  path  loss  propagation,  shadowing,  and  small-scale  multipath  fading  [111].  Even  when 


packets  from  different  nodes  overlap  in  time,  it  may  still  be  possible  to  successfully  decode  the 
packet  with  the  strongest  received  signal  strength — the  so-called  capture  phenomenon  [77]. 
Moreover,  a  number  of  choices  in  system  design  at  the  PHY  layer  have  a  direct  impact  on  the 
successful  reception  of  a  packet  at  a  given  receiver. 

For  all  the  above  considerations,  a  link  in  a  wireless  ad  hoc  network  may  generally 
be  seen  as  an  asymmetric  channel,  and  the  conditions  for  a  packet  to  be  successfully  received 
at  one  end  of  the  link  may  be  significantly  different  at  the  other  end.  Therefore,  we  need  to 
consider  network  topology  in  a  broader  sense,  in  which  asymmetries,  unpredictability,  and 
physical-layer  aspects  are  explicitly  incorporated  into  the  model. 

For  the  purposes  of  this  work,  we  classify  the  channel  signaling  methods  into  two 
types  [122]:  narrowband  and  spread-spectrum  systems.  In  narrowband  signaling,  data  bits 
are  modulated  directly  onto  the  carrier.  On  spread-spectrum  systems,  some  form  of  coding  is 
used  to  get  a  much  wider  bandwidth  than  narrowband  schemes  do  for  the  same  data  rate.  In 
many  cases,  spread-spectrum  signaling  is  the  signaling  method  of  choice  because  of  its  anti¬ 
jamming  capabilities,  robustness  to  multi-path  effects,  lower  power  spectrum  density,  and 
potential  for  multiuser  access  through  CDMA  techniques,  i.e.,  the  use  of  orthogonal  codes 
that  can  overlap  in  time  with  little  or  no  effect  on  each  other.  As  an  example,  the  IEEE  802.1 1 
standard  supports  both  direct  sequence  spread  spectrum  (DSSS)  and  frequency-hopped  spread 
spectrum  (FHSS)  systems  [64]. 

In  this  work,  we  assume  a  direct  sequence  spread  spectrum  ad  hoc  network.  In  such 
networks,  multiple  access  interference  (MAI)  plays  a  major  role  on  network  capacity  [59], 
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[88] :  in  the  demodulation  of  eaeh  signal,  signals  from  other  nodes  transmitting  simultaneously 


over  the  ehannel  appear  as  interferenee.  The  level  of  sueh  interferenee  varies  aeeording  to 
the  number  of  aetive  nodes  at  any  time  (dietated  by  the  underlying  medium  aeeess  eontrol 
seheme).  For  this  reason,  not  only  eapaeity,  but  many  quality  of  serviee  (QoS)  measures  in 
wireless  ad  hoe  networks  are  intrinsieally  dependent  on  the  reeeived  signal-to-interference- 
plus-noise  density  ratio  (SINR).  More  speeifieally,  let  PJl  denote  the  reeeived  signal  power 
at  node  r  for  a  signal  transmitted  by  node  k  ^  V.  Then,  the  signal-to-interferenee-plus-noise 
density  ratio  SINR[  for  a  signal  transmitted  by  node  i  and  reeeived  at  node  r,  is  given  by 
(using  a  eonventional  matehed  filter  reeeiver)  [127]: 


SINR[ 


P[L, 

EjGV  XjPj  +  (^r  ’ 


(5.2) 


where  Li  is  the  spreading  gain  (or  bandwidth  expansion  faetor)  of  the  spread-speetrum  system, 
is  the  baekground  or  thermal  noise  power  at  the  front  end  of  the  reeeiver  r,  and  Xj  is  an 
on/off  indieator,  i.e.. 


Xj 


I  1,  if  j  transmits  at  the  same  time, 


(5.3) 


0,  otherwise. 

In  Eq.  (5.2),  it  is  assumed  that  nodes  use  long,  orthogonal  pseudo-random  se- 
quenees  [127],  and  that  the  thermal  and  baekground  noise  is  modeled  as  a  white  Gaussian 
noise  proeess.  The  same  assumptions  are  used  in  sueh  simulators  as  Glomosim,  Ns-2,  and 
Qualnet  [105]. 

Eaeh  time  node  i  transmits  a  frame  to  node  r,  the  (instantaneous)  multiple  aeeess 
interferenee  (MAI)  level  at  node  r  depends  on  whieh  nodes  in  V  transmit  eoneurrently  with 
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node  i,  as  indicated  by  the  variable  Xj^  a  Bernoulli-distributed  random  variable  with  prob¬ 
ability  Tj,  the  probability  that  node  j  transmits  a  frame  at  any  time,  according  to  the  MAC 
protocol  in  place.  Because  \  V\  =  n,  there  are  exactly  2”“^  combinations  of  potential  active 
nodes  (interferers)  transmitting  concurrently  with  i  (excluding  both  transmitter  i  and  receiver 
r)-  Let  {4}fc=i„..,2n-2  denote  the  set  of  such  combinations,  and  be  a  random  variable 
that  indicates  the  occurrence  of  a  specific  combination  of  interferers.  We  also  assume,  for 
simplicity,  that  when  node  i  transmits  a  frame  to  node  r,  the  set  of  interferers  remains  the 
same  throughout  the  entire  transmission  of  the  frame.  In  reality,  of  course,  some  nodes  may 
become  active  or  inactive  during  the  course  of  a  frame  transmission.  However,  this  assump¬ 
tion  is  reasonable  if  frames  are  short  and  transmission  rates  are  high.  Consequently,  during  the 
reception  of  a  frame — and  for  a  fixed  sef  of  inferferers — fhe  bif-fo-bif  variations  fhaf  may  oc¬ 
cur  in  SINR[  resulfs  from  RF  propagafion  effecfs  only.  Typically,  fhe  received  signal  powers 
P[  are  subjecf  fo  large-scale  pafh  loss,  shadowing,  and  small-scaling  mulfipafh  fading. 

Given  fhe  previous  considerafions,  fhe  probability  that  a  frame  transmitted  by 
i  is  successfully  received  at  r  can  be  obfained  by  considering  fhe  sef  {c[^}  ^=1  of  all 

possible  combinations  of  active  nodes  inV  —  {i,  r},  as  follows: 

=  P{successful  frame  recepfion}  =  P{successful  frame  reception  n  CJ  = 

k 

=  -P{succ.  frame  reception  |  C[  =  c[fc}P{C[  =  4^} 
k 

=  Y,fv\t)p{c:  =  c';t},  (5.4) 

k 

where  we  wrofe  f{c^f.)  to  emphasize  the  fact  that  P{succ.  frame  reception  |  CJ  =  c[^}  is 
a  function  of  the  specific  combinafion  of  inferferers.  Ifs  functional  form  will  depend  on 
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the  specific  choice  of  radio  channel  model  and  such  PHY-layer  aspects  as  modulation  and 


demodulation  schemes,  channel  coding,  receiver  design,  and  the  like. 

The  above  formalism  allows  the  consideration  of  any  radio  channel  model  and  PHY- 
layer  aspect  for  computation  of  the  probability  /(c[^)  of  successful  frame  reception  condi¬ 
tioned  on  a  certain  MAI  level.  For  instance,  one  could  choose  to  model  the  impact  of  a 
specific  modulation  scheme  under  correlated  bit  errors  during  frame  reception. 

Therefore,  depending  on  which  nodes  are  active  at  the  time  node  i  transmits  a  frame 
to  node  r,  there  can  be  different  values  for  the  SINR  and,  consequently,  different  bit-error 
probabilities.  Hence,  from  Eq.  (5.4),  one  needs  to  know  the  frame  error  probabilities  for  all 
2^~‘^  possible  combinations  {c[^},  which  depends  on  the  joint  probabilities  of  occurrence 
of  all  the  combinations  {c[^}  k=i  2"-2  •  The  exact  functional  form  of  the  joint  probabilities 
depends  on  the  specific  MAC  protocol  in  use. 

5.3.2  The  Successful  Handshake  Prohahility 

Previously,  we  have  considered  the  successful  frame  reception  probability.  From 
the  point  of  view  of  a  reliable  delivery  service  at  the  MAC  layer,  a  frame  is  considered  to  be 
successfully  transmitted  at  the  intended  receiver  if  a  successful  acknowledgment  is  received 
in  response  to  the  frame  that  was  previously  sent.  Therefore,  we  need  to  consider  the  success¬ 
ful  handshake  probability,  which  we  define  as  the  joint  probability  that  both  the  transmitted 
frame  and  its  respective  acknowledgment  are  received  successfully.  More  specifically,  two 
events  need  to  happen  for  a  node  i  G  H  to  consider  its  frame  successfully  transmitted  to  a 
node  r  G  C:  the  successful  reception  of  i’s  frame  at  r,  and  the  successful  reception  of  r’s 
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acknowledgment  at  i.  Therefore,  if  we  denote  by  the  probability  of  a  successful  handshake 
between  nodes  i  and  r,  and  if  we  take  into  account  all  possible  combinations  of  interferers  at 
nodes  i  and  r  (indicated  by  the  random  variables  C*  and  CJ,  respectively),  we  have  that 

ql  =  P{DATA  successful,  ACK  successful} 

=  P{DATA  sue.,  =  4,  ACK  sue.,  C*  =  4j 

k  I 

=  suc.jC}  =  4,  DATA  sue.,  C}  =  4}P{4  =  4|DATA  sue.,  =  4} 

k  I 

P{DATA  SUC.I4  =  4}^{C[  =  4} 

=  E  E  /(4)/(4)^{4  =  4IDATA  succ.,4  =  c:,}P{C:  =  4).  (5.5) 

l  k 

In  Eq.  (5.5),  the  probability  that  the  set  of  active  interferers  C}  at  node  i  is  c};,  I  G  V, 
is  conditioned  on  the  fact  that  the  set  of  active  interferers  C}  at  node  r  is  4)  k  G  V.  This 
is  because,  in  general,  the  set  of  active  interferers  at  node  i  may  not  necessarily  be  the  same 
as  the  set  of  interferers  at  node  r.  Moreover,  the  likelihood  that  a  node  is  active  when  r 
sends  its  ACK  back  to  i  can  change  if  it  knows,  somehow,  that  some  specific  set  of  nodes  has 
already  become  active  during  the  transmission  of  i’s  DATA  frame  to  r.  Such  dependencies 
will  rely,  among  other  things,  on  the  MAC  protocol  in  place,  the  size  of  DATA  frames,  etc.. 
For  instance,  on  one  hand,  we  could  have  a  contention-based  MAC  protocol  (e.g.,  ALOHA) 
where  nodes  would  attempt  to  transmit  packets  independently  of  each  other  without  listening 
to  the  channel  (carrier  sensing).  In  this  case,  the  fact  that  some  nodes  have  already  become 
active  during  the  transmission  of  the  DATA  frame  will  not  prevent  other  inactive  nodes  to 
become  active  during  the  ACK  transmission.  On  the  other  hand,  in  a  carrier-sensing-type 
of  MAC  protocol,  the  nodes  that  have  detected  the  transmission  of  the  DATA  frame  in  the 
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channel  will  defer  their  transmission  to  a  future  time  that  will  probably  not  coincide  with  the 


transmission  of  the  subsequent  ACK  frame  (in  general,  ACK  frames  are  very  short). 

The  previous  development  considered  the  case  where  both  DATA  and  ACK  frames 
were  of  fixed  size.  However,  if  both  (or  any)  of  the  DATA  and  ACK  frames  are  of  variable  size, 
and  their  size  distributions  are  known,  Eq.  (5.5)  can  be  easily  modified  fo  include  such  cases. 
More  specifically,  if  fhe  DATA  frame  size  is  B  bytes  long,  wifh  probabilify  mass  funcfion 
P{B  =  b},  and  fhe  ACK  frames  are  assumed  fo  be  of  fixed  size  (which  is  generally  fhe  case), 
Eq.  (5.5)  modifies  fo 

ql  =  P{DATA  successful,  ACK  successful} 

=  E  E  E  ^{DATA  sue.,  B  =  b,  c:  =  4,  ACK  sue.,  C}  =  4} 

k  I  b 

=  EEE  /(4)/(4)P{4  =  4IDATA  sue.,  B  =  b,  C[  =  4}P{Cr  =  44  =  6} 

k  I  b 

P{B  =  6},  (5.6) 

where  now  /(4)  =  P{ACK  sue.  |  C}  =  4,  DATA  sue.,  H  =  6,C[  =  4}  /(4)  = 

P{DATA  SUCC.4  =  b,  4  =  4}-  ofher  words,  fhe  probabilify  of  having  fhe  sef  of  infer- 
ferers  C}  =  4  conditioned  on  fhe  DATA  frame  size  B  =  b.  Eor  insfance,  in  fhe  AEOHA 
profocol,  fhe  bigger  fhe  DATA  frame,  fhe  higher  fhe  probabilify  fhaf  more  nodes  will  be  frans- 
miffing  af  abouf  fhe  same  time  fhaf  fhe  DATA  frame  is  being  received.  On  fhe  ofher  hand,  in 
ofher  profocols,  if  mighf  happen  fhaf  fhe  probabilify  of  having  a  specific  sef  of  inferferers  could 
be  considered  independenf  of  fhe  DATA  frame  size,  i.e.,  =  4I-®  =  6}  =  P{Cl  =  4}- 

We  jusf  showed  how  fo  compufe  fhe  successful  handshake  probabilify  when  fhe 
handshake  involves  fhe  exchange  of  fwo  frames  only:  a  DATA  frame  and  an  ACK  frame.  Some 


98 


classes  of  MAC  protocols  use  a  four-way  handshake  mechanism.  In  those  cases,  the  previous 


development  can  be  easily  extended,  and  one  will  need  to  know  the  four  successful  frame 
reception  probabilites  with  respect  to  the  four  frames  that  were  exchanged  (as  represented  by 
the  functions  /(•)  in  Eq.  (5.6)).  Finally,  it  may  happen  that  one  needs  to  know  the  probability 
of  unsuccessful  handshake  due  to  errors  in  one  of  the  four  frames.  In  that  case,  one  needs  to 
know  the  probability  of  unsuccessful  reception  of  a  particular  frame,  which  is  simply  !  —  /(•). 
Based  on  that,  one  can  compute  the  probability  of  unsuccessful  handshake  due  to  an  error  in 
one  of  the  frames.  For  instance,  if  the  error  was  on  the  third  frame,  the  first  two  are  transmitted 
correctly  and  the  third  is  not  (and  the  fourth  is  not  considered  because  it  will  not  be  sent). 

5.3.3  The  Case  of  Carrier  Sense-Based  MAC  Protocols 

In  the  specific  case  of  carrier  sense-based  MAC  profocols,  a  fundamenfal  feedback 
information  needed  by  every  node  in  fhe  nefwork  is  fhe  probabilify  fhaf  fhe  channel  is  per¬ 
ceived  “busy”  while  a  node  is  frying  fo  fransmif  ifs  own  frame.  Af  fhe  PHY  layer,  fhe  evenfs 
fhaf  are  relafed  fo  fhe  occurrence  of  a  “busy  channel”  are  differenl  from  fhe  evenfs  involved 
wifh  a  “successful  frame  recepfion”.  The  goal  of  fhe  carrier  sense  acfivify  is  fo  defecf  if  fhe  sig¬ 
nal  power  capfured  by  a  node’s  anfenna(s)  is  above  some  particular  power  fhreshold,  whereas 
fhe  recepfion  of  a  frame  deals  wifh  fhe  abilify  of  a  node’s  receiver  fo  successfully  decode  a 
frame,  which  depends  on  many  PHY-layer  aspecfs  such  as  modulafion/demodulafion  scheme 
and  receiver  design. 

Because  fhe  carrier  sense  acfivify  depends  on  fhe  amounf  of  signal  power  capfured 
by  a  node’s  anfenna(s),  fhe  probability  that  the  channel  is  busy  depends,  fundamenfally,  on 
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which  nodes  in  the  network  are  transmitting  simultaneously,  at  a  given  time  instant,  and  their 


respective  contribution  to  the  aggregate  signal  power  captured  by  the  antenna(s)  of  a  node  that 
is  listening  to  the  channel  (including  any  background  and/or  thermal  noise).  It  is  important  to 
mention  that,  depending  on  PHY-layer  aspects  such  as  antenna  reception  mode  (e.g.,  omni¬ 
directional  or  directional)  or  channel  used  during  carrier  sense,  the  impact  of  the  activity  of 
other  nodes  can  be  significant  different  from  that  when  the  node  is  actually  receiving  a  frame. 

Let  Pig  denote  the  perceived  signal  power  at  node  i  when  node  i  is  performing 
carrier  sensing  of  the  channel,  and  let  7  denote  the  signal  power  threshold  above  which  the 
channel  is  considered  to  be  “busy”.  As  mentioned  before,  the  perceived  signal  power 
depends  on  which  nodes  k  G  V  transmit  simultaneously  at  a  given  time  instant,  and  their 
respective  contribution  to  the  perceived  signal  power  Pl^.  Therefore,  the  probability  that  the 
channel  is  detected  busy  depends  on  which  nodes  k  ^  V  are.  active  at  the  time  node  i  is  per¬ 
forming  the  carrier  sense  in  the  channel.  Consequently,  we  need  to  know  which  combinations 
of  active  nodes  k  ^  V  lead  to  a  perceived  signal  power  greater  than  the  threshold  7.  If  S[ 
denotes  the  set  of  all  possible  combinations  of  active  nodes  k  ^  V  such  that  P*^  >  7  then, 
the  probability  that  node  i  perceives  that  the  channel  is  busy  is  given  by  the  probability  of 
occurrence  of  any  of  the  combinations  in  S[.  We  use  the  superscript  r  to  indicate  that  node  i 
senses  the  channel  before  transmitting  to  a  node  r.  This  is  to  allow  the  treatment  of  different 
carrier  sensing  mechanisms  that  condition  the  sensing  activity  on  the  target  receiver  r  (e.g., 
the  directional  virtual  carrier  sensing  protocol  [114]).  If  c[  denotes  each  of  the  combinations 
in  S[,  and  C[  is  a  random  variable  that  indicates  the  occurrence  of  a  specific  combinafion 
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c[  G  S[,  then,  from  the  exelusiveness  of  the  events  C[  =  c[  G  S[,  we  have 


F  {ehannel  is  busy  for  node  i}  =  F  >  7}  =  -P  s  1^  {CJ  =  c[} 

l<e<sr 

=  J^P(C'=4},  (5^7) 

whieh  is  nothing  but  the  sum  of  the  probabilities  of  the  oeeurrenee  of  all  possible  eombinations 
of  aetive  nodes  k  G  V  sueh  that  the  pereeived  signal  power  at  node  i  is  greater  than  the 
threshold  7. 


5.4  Impact  of  Flow  Distribution 

So  far,  we  have  only  eonsidered  the  eomputation  of  the  sueeessful  handshake  prob¬ 
ability  when  a  node  has  a  paeket  to  transmit  to  a  specific  receiver,  i.e.,  the  eomputation  of 
the  sueeessful  handshake  probability  conditioned  on  a  speeifie  target  reeeiver  r  G  F.  In  real¬ 
ity,  however,  eaeh  paeket  that  arrives  at  a  node’s  input  queue(s)  may  be  potentially  addressed 
to  a  distinet  reeeiver  within  the  node’s  one-hop  neighborhood,  as  speeified  by  the  paeket’s 
header  (in  the  ease  of  unieast  traffie,  in  partieular).  Eaeh  time  this  node  attempts  to  transmit 
a  frame,  the  eonditions  for  having  a  sueeessful  handshake  will  depend  on  the  seleeted  target 
reeeiver,  sinee  its  loeation  will  determine  the  impaet  of  potential  interferers.  In  addition,  eaeh 
paeket  may  be  assigned  a  different  priority,  depending  on  its  target  destination,  data  eontent, 
or  if  some  sort  of  per-flow  bandwidth  alloeation  scheme  is  used,  with  packets  being  served 
distinctly  according  to  some  queueing  scheduling  discipline,  for  example.  In  fact,  even  if  a 
single  FIFO  queue  is  used,  the  steady-state  distribution  of  the  aggregate  flow  at  a  node’s  input 
queue  may  depend  on  how  traffic  multiplexing  occurs  within  a  certain  time  period.  Therefore, 
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within  a  time  interval  long  enough,  every  time  a  node  i  £  V  deeides  to  transmit  a  frame,  it 


will  do  so  by  selecting  a  target  receiver  according  to  some  probability  that  will  be  a  function 
of  the  factors  just  considered. 

Now,  let  us  denote  TZi  the  set  of  nodes  to  which  node  i  has  a  packet  to  transmit 
during  the  course  of  some  observation  time  interval  long  enough,  and  let  p\  be  the  probability 
that  node  r  G  is  the  intended  receiver  of  i  at  any  instant  within  this  time  interval.  Given 
that,  the  steady-state  probability  qi  that  node  i  has  a  successful  handshake  will  be  given  by 

qi  =  P{successful  exchange}  =  P{successful  exchange  n  r  is  the  receiver} 

rSTZi 

=  Pjsuccessful  exchange  |  r}P{r  is  the  receiver} 

r&'R-i 

=  E  ipl  (5.8) 

r&7li 

5.5  Inter-Layer  Dependence:  The  Nonlinear  Multivariate  System 

At  the  core  of  the  computation  of  the  probability  of  successful  frame  reception  in 
Eq.  (5.4),  the  probability  of  successful  handshake  in  Eqs.  (5.5),  (5.6),  and  (5.8),  and  the  busy 
channel  probability  in  Eq.  (5.7),  is  the  computation  of  the  probabilities  of  possible  combina¬ 
tions  of  active  nodes  (interferers)  in  the  network  at  a  given  time  instant.  These  probabilities 
are,  in  effect,  probabilities  of  joint  events  related  to  the  transmission  probabilities  (scheduling 
rates)  of  all  nodes  in  the  network.  Therefore,  all  the  aforementioned  feedback  probabilities 
depend,  fundamentally,  on  the  transmission  probabilities  of  every  node  in  the  network. 

Indeed,  such  fundamental  dependence  on  the  nodes’  schedule  discipline  is  a  di¬ 
rect  consequence  of  the  inherent  broadcast  nature  of  the  radio  channels  in  ad  hoc  networks. 
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Consequently,  it  is  reasonable  to  expeet  that  many  (or  all)  of  the  PHY-related  input/feedback 


probabilities  eontained  in  the  vector  of  node  i  £V  depend,  fundamentally,  on  the  underly¬ 
ing  scheduling  discipline  of  every  node  in  V,  i.e.,  on  the  vector  of  transmission  probabilities 
T  =  [tiT2  ■  ■  ■  Tn]^.  In  Other  words,  many  of  the  input/feedback  information  conveyed  to  the 
MAC  protocol  at  each  node  can  be  affected  by  the  scheduling  discipline  imposed  by  the  MAC 
protocol  itself.  Such  observation  clearly  shows  that  the  dynamics  of  the  MAC  layer  is  tightly 
connected  to  the  dynamics  of  the  PHY  layer  (and  vice-versa). 

Because  not  all  input/feedback  probabilities  contained  in  will  be  dependent  on  r, 
we  divide  the  variables  in  in  two  sets:  the  variables  that  fundamentally  depend  on  the  trans¬ 
mission  probability  vector  r,  and  the  ones  that  do  not.  Let  the  /-tuple  Ui  =  [vn  Vi2  ...  vuY' 
be  a  vector  containing  the  I  entries  of  that  depend  on  r,  and  cuj  =  [ujn  uja  ■  ■  ■  uiimY  be 
an  m-tuple  with  the  remaining  entries  of  p^  (where  p^  is  an  (/  -|-  m)-tuple).  For  the  vector 
Ui ,  we  assume  that  all  the  input/feedback  information  it  contains  is  known  and  characterized 
a  priori.  On  the  other  hand,  for  each  Oik  ^  I'i  C  p-,  /c  =  1, ...,/,  we  postulate  that  there 
exists  some  (linear  or  non-linear)  function  gikf)  such  that 

m  =  gik{'r),  k  =  l,2,...,l,  yiGV.  (5.9) 

Equation  (5.9)  represents  the  mapping  that  is  performed  on  the  scheduling  rates  r  to 
generate  the  input/feedback  information  Oik  needed  by  the  MAC  layer  at  node  i.  Essentially, 
Eqs.  (5.1)  and  (5.9)  form  a  coupled  nonlinear  multivariate  system  on  the  variables  n  and 
r'jfc,  k  =  1, . . . ,  /,  Vi  G  V,  (the  ufs,  are  assumed  to  be  known  a  priori).  Together,  they 
allows  us  to  consider  not  only  the  interdependencies  between  the  PHY  and  MAC  layers,  but 
also  the  interdependencies  among  all  nodes  in  the  network.  Nevertheless,  solving  such  a 
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nonlinear  system  in  arbitrary  topologies  eonstitutes  an  extremely  eomplex  task  if  we  eonsider 
the  number  of  possibilities  for  the  network  sizes  and  the  funetional  forms  for  /ij(-)  and  gik{-)- 
Furthermore,  eheeking  for  the  existenee  of  a  solution  for  the  system  ean  be  very  eumbersome, 
if  not  impossible.  Henee,  to  simplify  our  modeling  problem  and  to  better  understand  the 
effeets  of  different  protoeol  parameters  on  the  probabilities  r*  and  i^ik,  we  linearize  the  above 
nonlinear  system.  Next  seetion  we  present  our  approaeh  to  this  problem. 

5.6  Making  the  Model  Tractable:  The  Interference  Matrices 

In  this  seetion,  we  present  a  linear  approximation  to  the  eoupled  nonlinear  multi¬ 
variate  system  formed  by  Eqs.  (5.1)  and  (5.9),  whieh  will  lead  us  to  the  introduetion  of  the 
eoneept  of  interference  matrices.  To  begin  with,  we  present  linear  approximations  to  the  sue- 
eessful  handshake  probability  in  Eq.  (5.6),  and  the  probability  that  the  ehannel  is  sensed  busy 
in  Eq.  (5.7). 

5.6.1  Linear  Approximation  to  the  Successful  Handshake  Prohahility 

Eet  us  eonsider  the  eomputation  of  the  probability  that  node  i  has  a  sueeessful 
handshake  with  node  r.  Erom  Eqs.  (5.5)  and  (5.6),  one  of  the  key  problems  in  eomputing 
is  the  knowledge  of  the  probabilities  of  the  eombinations  2"-2  of  aetive  inter- 

ferers,  as  opposed  to  the  sueeessful  reeeption  probability  /(•),  whieh  is  known  for  any  given 
MAI  level.  The  exaet  funetional  form  of  the  joint  probabilities  depends  on  the  speeifie  MAC 
protoeol  in  use.  However,  finding  an  exaet  funetional  forms  is  inherently  a  diffieult  task, 
given  the  eomplexity  of  the  interaetions  among  the  nodes,  speeially  under  multihop  seenarios. 
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Moreover,  beeause  the  number  of  possible  eombinations  of  aetive  interferers  inereases  expo¬ 


nentially  with  the  number  of  nodes,  eomputing  the  probabilities  of  all  eombinations  beeomes 
prohibitive  with  just  a  few  tens  of  nodes.  Fortunately,  we  ean  attain  a  linear  approximation  to 
the  eomputation  of  for  any  multihop  ad  hoe  network  by  taking  advantage  of  the  necessary 
behavior  of  any  MAC  protoeol.  More  speeifieally,  we  exploit  the  following  three  eonsidera- 
tions: 

Cl)  High  contention:  When  eontention  among  nodes  is  high,  the  probability 
that  node  k  gV  attempts  to  transmit  a  frame,  at  any  time,  is  expeeted  to  be  arbitrarily  small. 

C2)  MAC  efficiency:  If  nodes  j  and  k  ean  interfere  with  eaeh  other’s  frame  ex- 
ehanges  significantly — direetly  or  indireetly — e.g.,  they  are  loeated  up  to  two  hops  away  from 
eaeh  other,  it  is  expeeted  that  the  MAC  protoeol  operates  in  a  way  that  the  probability  that 
node  j  schedules  a  transmission  at  a  particular  time  instant,  given  that  node  k  has  already 
scheduled  a  transmission  at  the  same  time  instant,  is  arbitrarily  small.  This  is  what  the  de¬ 
sired  operation  of  any  MAC  protoeol  should  be:  to  prevent  interfering  nodes  from  seheduling 
transmissions  at  about  the  same  time,  “elearing  the  floor,”  and  guaranteeing  that  a  sueeess- 
ful  handshake  oeeurs.  The  more  effleient  the  MAC  protoeol  is,  the  smaller  this  eonditional 
probability  beeomes. 

C3)  Impact  of  “Cascade  Effect”:  If  two  nodes  j  and  k  are  very  distant  from  eaeh 
other,  sueh  that  their  signal  powers  eannot  interfere  signifleantly  with  eaeh  other’s  frame  ex- 
ehanges  (or  have  their  signal  powers  bloeked  somehow),  their  decisions  to  initiate  a  frame 
transmission  at  any  time  are  eonsidered  to  be  independent  of  eaeh  other.  In  reality,  though, 
two  nodes  very  distant  from  eaeh  other  ean  still  have  an  indirect  impaet  on  eaeh  other’s  trans- 
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mission  due  to  a  “cascade  effect”:  a  node’s  decision  to  transmit  a  frame  depends  on  its  neigh¬ 
bors’  decisions  to  transmit,  which,  in  turn,  depends  on  their  neighbor’s  neighbors  decisions  to 
transmit,  and  so  on.  However,  for  all  practical  purposes,  transmission  decisions  can  be  con¬ 
sidered  independent  if  nodes  are  sufficiently  distant  from  each  other  (e.g.,  more  than  two  hops 
away).  Otherwise,  consideration  C2  applies. 

Given  the  above  considerations,  we  can  now  focus  on  the  computation  of  the  proba¬ 
bilities  of  the  joint  events  contained  in  the  combinations  2"-2-  Among  all  possible 

combinations,  we  are  particularly  interested  in  two  cases:  (1)  the  combination  corresponding 
to  the  event  where  “no  node  transmits  at  the  given  time  instant,”  and  (2)  the  combinations  cor¬ 
responding  to  the  events  where  “only  node  k  £  V  transmits  at  the  given  time  instant.”  If  the 
event  “no  node  transmits  at  the  given  time  instant”  occurs,  the  MAI  level  at  node  r  is  null  and, 
consequently,  the  SINRj"  is  the  highest  possible,  maximizing  the  conditional  probability  /(•) 
of  a  successful  frame  reception  at  r.  In  the  second  case,  where  “only  node  k  £  V  transmits 
at  the  given  time  instant,”  the  impact  of  node  k  alone  is  taken  into  account  on  the  degradation 
of  SINRj"  during  a  frame  reception  at  node  r,  i.e.,  the  “weight”  of  the  interference  caused  by 
node  k  at  node  r  is  evaluated. 

Let  Ai,  i  £  V,  represent  the  event  that  “node  i  transmits  a  frame  at  the  given 
time  instant”.  Hence,  P{Ai]  =  r*.  Now,  the  event  “no  node  transmits  at  the  given  time 
instant”  is  represented  by  the  joint  event  0^=1  where  Ai  is  the  complement  set  of  A^. 
From  DeMorgan’s  rules. 


P 


1  -  P 


(5.10) 
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where 


P 


Y.p{Ai)-T.Y.p{A,r^A,}+Y,Y,'pp{A,  n  Afc  n  A}  +  •  •  • 

i=l  j  k  j  k  I 


...  +  (_l)n+lp|Q^.|  (5  11) 

Therefore,  the  eomputation  of  P  {Ur=i  (5-1 1)  requires  the  knowledge  of 

the  probabilities  of  simultaneous  transmissions  from  all  possible  subsets  of  nodes.  However, 
aeeording  to  eonsideration  C2,  if  nodes  j  and  k  ean  interfere  to  eaeh  other’s  frame  exehanges 
signifieantly,  it  is  expeeted  that  the  MAC  protoeol  will  do  its  best  to  prohibit  both  nodes  from 
transmitting  at  about  the  same  time,  i.e.,  we  should  expeet  that  P{Aj\A}S\  <C  1.  In  addition, 
because  <C  1  under  high  contention  (from  consideration  Cl),  for  any  two  nodes  j  and 

k  we  should  have 


P{Aj  n  Ak]  =  P{Aj  I  Ak]P{Ak]  ^  0.  (5.12) 


On  the  other  hand,  from  consideration  C3,  if  nodes  j  and  k  are  very  distant  (or  phys¬ 
ically  blocked)  from  each  other,  their  schedulings  can  be  considered  practically  independent. 
In  such  cases,  and  under  high  contention. 


P  {Aj  n  Ak]  =  P{Aj]P{Ak]  =  TjTk  ~  0.  (5.13) 


Extending  our  reasoning  to  the  probabilities  of  the  joint  events  that  three  or  more 


nodes  transmit  at  the  same  time  in  Eq.  (5.11),  we  can  approximate  Eq.  (5.10)  by 

{n  ^  n 

(5.14) 

i=l  J  i=l 

Note  that,  if  nodes  are  allowed  to  transmit  independently  of  each  other,  regardless 


of  the  state  of  their  neighbors  (e.g.,  AEOHA),  all  the  joint  probabilities  in  Eq.  (5.11)  reduce 
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to  product  forms  like  in  Eq.  (5.13)  and,  under  high  contention,  Eq.  (5.14)  approaches  equality. 
In  the  other  extreme  case,  if  the  MAC  protocol  is  scheduled-based  and  can  guarantee  that  one 
and  only  one  node  transmits  at  any  given  time,  i.e.,  A*  r\Aj  =  0  for  all  i  /  j,  we  simply  have^ 


{n  ^  n 

(5.15) 

i=i  J  i=i 

and,  in  this  case,  Eq.  (5.14)  holds  with  equality.  Such  a  situation  should  be  expected  from  an 
efficient  MAC  protocol  operating  in  a  single-channel  fully-connected  network,  for  example. 
Indeed,  such  exclusiveness  of  events  is  what  is  generally  aimed  in  the  operation  of  an  efficient 
MAC  protocol  with  respect  to  nodes  within  some  neighborhood  sharing  the  same  channel  in 
a  wireless  multihop  ad  hoc  network. 

Now,  let  us  consider  the  events  where  “just  one  node  transmits  at  the  given  time  in¬ 
stant”.  Eor  the  sake  of  argument,  let  us  assume  that  node  1  is  the  transmitting  node.  Therefore, 
we  are  interested  in  computing  the  probability  of  the  event  (0^=2  H  which  is 


f|Ai  aAp{A,} 


Ki=2 


<2=2 


1-p 


^i=2 


Ai 


P{A,}-P\\JA,  aAp{A,}. 


P{Ai} 

(5.16) 


.1=2 


where 


p\\jAi\A,  I  =^P{Ai|Ai}- J]P{A,nAfe|Ai}  +  . 


^2=2 


2  =  1 


'  n 


+  (-i)"+'pmA, 


A^ 


(5.17) 


^  2=2 


Using  the  same  arguments  based  on  considerations  Cl  to  C3,  and  observing  that  all 


^This  is  a  corollary  of  the  axioms  of  probability. 


108 


terms  in  Eq.  (5.17)  are  multiplied  by  P{yli}  <C  1  in  Eq.  (5.16),  we  obtain 


P 


P{Ai}. 


(5.18) 


1  \i=2  /  ) 

Having  considered  approximations  to  the  probabilities  of  some  of  the  events  /c  = 
1, . . . ,  we  need  to  look  at  the  computation  of  the  conditional  probabilities  relating  the 
two  sets  of  active  interferers  C*  and  CJ  in  Eqs.  (5.5)  or  (5.6).  As  mentioned  in  Section  5.3.2, 
the  set  of  active  interferers  during  the  reception  of  an  ACK  may  be  dependent  on  which  nodes 
were  active  during  the  transmission  of  the  previous  DATA  frame.  Again,  such  dependencies 
are  intrinsically  related  to  the  MAC  protocol  in  use  and,  for  this  reason,  we  will  focus  on  two 
cases  that  represent  the  two  extreme  behaviors  observed  in  the  operation  of  a  MAC  protocol. 
In  the  first  case,  we  assume  that  the  set  of  active  nodes  C*  during  the  reception  of  an  ACK 
is  the  same  as  the  set  of  active  nodes  during  reception  of  the  DATA  frame.  The  rationale 
for  this  assumption  is  that  ACK  frames  are  usually  of  fixed  size  and  much  smaller  fhan  DATA 
frames.  Therefore,  during  fhe  reception  of  an  ACK,  if  is  very  likely  fhaf  fhe  nodes  fhaf  were 
acfive  during  fhe  DATA  frame  fransmission  may  still  be  acfive  during  fhe  subsequenf  ACK 
fransmission  (specially  if  DATA  frames  are  of  variable  sizes).  In  fhis  case,  we  have 


P  {c;  =  41  DATA  sue.,  4  =  4}  =  1.  (5.19) 


Even  in  fhe  case  when  DATA  frames  are  of  fixed  size,  nodes  may  become  acfive 
af  slighfly  differenf  times  from  fhe  insfanf  fhaf  a  node  sfarfed  fransmiffing  a  DATA  frame. 
This  could  happen  because  of  fhe  delays  generally  incurred  when  swifching  among  modes 
(receive/fransmif,  idle/fransmif,  efc.).  In  fhis  case,  inlerfering  nodes  could  become  active  when 
a  DATA  frame  was  already  being  fransmiffed  in  fhe  channel,  overlapping  wifh  bofh  DATA 
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and  subsequent  ACK  frames,  speeially  if  ACKs  are  sent  baek  without  mueh  delay,  almost 
immediately  after  reeeiving  the  DATA  frame.  In  the  other  extreme  ease,  both  sets  C*  and 
ean  be  eonsidered  independent  of  eaeh  other,  i.e., 

P  {C;  =  cii  I  DATA  sue.,  =  <,}  =  P  {C*  =  ,  (5.20) 

in  whieh  ease  we  have  a  seenario  where  interfering  nodes  ean  beeome  aetive  independently 
of  what  happened  during  the  previous  DATA  frame  transmission.  This  is  likely  the  most 
aggressive  seenario  as  far  as  interferenee  is  eoneemed,  beeause  it  allows  for  the  oeeurrenee  of 
sets  of  interferers  that  would  not  normally  happen  in  the  operation  of  many  MAC  protoeols. 

For  the  eomputation  of  ql  to  beeome  eomplete,  we  need  to  treat  the  ease  when 
DATA  frames  are  of  variable  size,  as  expressed  in  Eq.  (5.6).  Again,  for  traetability,  we  assume 
that  the  set  of  aetive  interferers  is  independent  of  the  frame  size,  i.e., 

P{C[  =  4|P  =  b}  =  P{c:  =  4}  .  (5.21) 

Given  all  previous  eonsiderations,  we  ean  now  eompute  an  approximation  for  ql . 
We  will  eonsider  the  ease  where  the  set  C*  of  aetive  nodes  during  reeeption  of  an  ACK  is  the 
same  as  the  set  of  aetive  nodes  during  reeeption  of  the  DATA  frame.  From  Eq.  (5.6), 

^  =  EEE/  (4)  /(4)P{C;  =  4|DATAsue.,P  =  =  4}  x 

k  I  b 

X  P{c:  =  cl,\B  =  b}P{B  =  b} 

=  E  E  /  f  P{Cl  =  cl,}P{B  =  b} 

k  b 

=  E/Wi)7fei^’{C,’'  =  cl),  (5.22) 

k 
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where  /(•)  indieates  the  average  of  /(•)  with  respeet  to  the  frame  size  B.  If  we  take  just  the 
two  sets  of  events  previously  eonsidered,  is  approximated  by 

Qi  ~  /  iCio)f  i4o)P  {no  node  transmits}  +  ^  /  (c}^)/  {only  k  transmits}  (5.23) 

k 

The  probability  of  the  events  above  are  given  by  Eqs.  (5.14)  and  (5.18)  respeetively, 
where  P{Af^}  =  V  /c  G  1/.  Henee, 

Qi  ~  1  -  X]  +  X]  (5-24) 

V  kev  /  k&v 

where  tt}  =  /«o)/(c}o).  and  =  f  f  .  Colleeting  the  terms  in  r^,  we  have 

Qi  ~  -  X]  =  <  -  X]  ~  ^ik)  Tk 

k£V  kev  k£V 

=  ^i  -Y1  ^ikP^  (5-25) 

k&V 

where  =  (tt}  —  ttJ),).  It  is  interesting  to  observe  that  in  Eq.  (5.25)  provides  the  “weight” 
of  node  k  £  V  with  respeet  to  its  impaet  on  the  sueeessful  handshake  probability  between 
nodes  i  and  r.  More  speeifieally,  in  the  event  that  “no  node  transmits,”  the  produet  of  proba¬ 
bilities  of  sueeessful  frame  reeeption  /(•)  attains  its  maximum,  tt},  beeause  there  is  no  MAI. 
If  the  potential  interferer  k  is  far  from  both  nodes  i  and  r,  the  eontribution  of  its  signal  power 
to  the  MAI  level  will  be  praetieally  null  and,  in  this  ease,  Trjj,  ^  vr},  i.e.,  ^  0,  eaneeling 

the  impaet  of  node  k  in  the  sueeessful  handshake  probability  q^.  On  the  other  hand,  if  node 
/c  G  F  is  very  elose  to  both  (or  either)  nodes  i  and  r,  its  signal  power  ean  be  suffieiently  high 
to  deteriorate  the  SINR  at  both  (or  either)  nodes,  eompromising  their  handshake.  In  that  ease, 
tt').  ^  0,  i.e.,  ^  vr},  and  the  “weight”  of  node  k  is  equivalent  to  saying  that  “node  k 

should  not  transmit  when  nodes  i  and  r  are  attempting  to  establish  a  handshake.” 


Ill 


Finally,  let  us  consider  the  impact  of  the  flow  distribution,  as  described  in  Sec¬ 


tion  5.4.  For  that,  we  take  the  probability  of  successful  handshake  to  a  specific  receiver,  as 
computed  in  Eq.  (5.25),  and  substitute  into  Eq.  (5.8),  which  gives  the  overall  steady-state 
probability  qi  that  node  i  has  a  successful  handshake  with  the  nodes  r  G  72.*.  Hence, 

«=  E  E  '><  =  E  -EE 

r£Tii  V  k£V  )  r&ti  rGlZi  keV 

—  TTj  ^  ^  (5.26) 

k€V 

where  vr*  =  7r[p[  and  c*fc  =  <kPl- 

5.6.2  Linear  Approximation  to  the  Busy  Channel  Prohahility 

In  this  Section,  we  obtain  a  linear  approximation  to  the  busy  channel  probability 
introduced  in  Section  5.3.3.  Eor  this  purpose,  we  use  similar  arguments  as  the  ones  used 
previously  to  obtain  a  linear  approximation  to  the  successful  handshake  probability.  Erom  our 
remarks  in  Section  5.3.3,  if  a  node  i  G  C  is  in  carrier-sense  mode,  the  probability  that  node  i 
perceives  that  the  channel  is  “busy”  is  the  probability  that  >  7,  where  is  the  aggregate 
signal  power  captured  by  the  antenna(s)  of  node  i,  and  7  is  the  signal  power  threshold  above 
which  the  channel  is  considered  to  be  “busy”.  As  we  noticed  before,  such  probability  depends 
on  which  nodes  in  V  transmit  simultaneously  over  the  channel  at  a  given  time  instant,  and 
what  is  their  contribution  to  the  aggregate  signal  power  captured  by  the  antenna(s)  of  node 
i  (including  any  background  and/or  thermal  noise).  So,  if  S[  denotes  the  set  of  all  possible 
combinations  of  active  nodes  k  £  V  such  that  >  7,  then  the  probability  that  node  i 
perceives  that  the  channel  is  busy  is  given  by  the  probability  that  any  of  the  combinations 
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of  active  nodes  in  S[  occurs.  If  c[  denotes  each  of  the  combinations  in  S[,  and  C[  is  a 
random  variable  indicating  the  occurrence  of  a  specific  combination  S[,  then,  from  the 
exclusiveness  of  the  events  C[  =  c[  G  S[,  we  showed  in  Eq.  (5.7)  that 

P  {channel  is  busy  for  node  i}  =  P  >  7}  =  E"  <  {C[  =  c{} 

I  <651 

=  y;  p(c'  =  cn, 

<6*sr 

Hence,  to  obtain  a  linear  approximation,  we  pick  all  combinations  c[  G  S[  in  which 
“only  node  k  transmits  and  its  individual  contribution  to  the  aggregate  signal  power  is 
greater  than  or  equal  to  7  (including  background  and/or  thermal  noise).”  In  other  words,  we 
approximate  Eq.  (5.18)  by 


P  (channel  is  busy  for  node  i}  ^  P  {C{  =  where  only  one  node  transmits} 


(5.27) 


Erom  arguments  similar  to  the  ones  used  Section  5.6.1,  and  from  Eq.  (5.16),  we  have 


P  (channel  is  busy  for  node  i}  ^  E  Tk  = 

kesj'  k&V 


(5.28) 


where 


d\k=< 


(5.29) 


1,  if  k  SI  PV 
0,  otherwise. 

Now,  taking  into  account  all  nodes  to  which  node  i  has  a  packet  to  deliver,  i.e., 
taking  into  account  the  impact  of  flow  distribution,  we  have 


9i=Y^  [Y1  dlkP  =  '^ 

re7^i  \k&V  / 


k&V  \r&ni  )  kev 
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Observe  that,  if  node  A:  G  F  is  sueh  that  =  1,  Vr  G  then  YlreTii  ^IkPi  ~ 
indieating  that  node  k  has  a  direet  impaet  on  the  carrier  sensing  mechanism  when  i  attempts 
to  transmit  a  frame  to  all  of  its  potential  receivers  in  S[. 


5.6.3  The  Interference  Matrices 


Now  that  we  have  shown  how  to  obtain  a  linear  approximation  to  two  examples 
of  feedback  probabilities,  we  will  proceed  in  this  section  with  the  linear  approximation  of 
the  general  problem  stated  in  Eqs.  (5.1)  and  (5.9).  As  defined  in  Section  5.5,  the  vector 
of  input/feedback  probabilities  is  a  vector  containing  all  entries  of  Ui  and  Ui,  i.e., 
is  the  (m  +  ()-tuple  (p^  =  [vn  ...  vu  oJn  (jJi2  ...  uJimY ■  If  hi{(pj)  is  an  infinitely  often 
differentiable  function  within  a  region  around  the  point  ip°  =  r'?2  . . .  r'f;  uj°i  uj°2  ■  ■  ■ 

in  the  {m  +  () -dimensional  space,  then  the  Taylor  series  expansion  of  hi{ipj)  around  the  point 
ip°  is  given  by  [135] 

K^'i)  i  .  (5.31) 

Hence,  a  first-order  approximation  of  ti  =  hi{(pj^)  around  the  point  (p°  =  v°2  ■  ■  ■ 

<1  ^i2  ■  ■  ■  ^ii¥  is  simply 


i=o 


U=i 


ik 


-Pik) 


d 


ik 


I  m 

Ti  ^  “1“  ^  ^  ^ik^ik  “1“  ^  ^  ^ik^iki  (5.32) 

k=l  k=l 


where 


/ 


dhi 


Qio  =  hi{ipf)  - 

k=l 


o 

‘P'i=‘P°  k=l 


(5.33) 


and 


dhi 


C^ik  — 


dm 


^ik  — 


dhi 


‘Pi=<pi 


diOik 


(5.34) 
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The  subscript  i  in  the  MAC  operation  hi{-)  refers  to  node  i’s  own  parameters  and 
configuration  of  the  MAC  protocol  in  use.  Usually,  all  nodes  operate  under  the  same  MAC 
settings,  under  the  same  parameters.  In  this  case,  hi{-)  =  /i(-),  Vi  G  U,  and  therefore, 
C(ik  =  C(k  and  Xik  =  Afc,  Vi  G  U.  Consequently,  Eq.  (5.32)  simplifies  fo 

I  m 

Ti  =  hi{(Pi)  ao  +  ^  Okm  +  ^  AfcWifc,  (5.35) 

k=l  k=l 

which  we  will  assume  for  fhe  resf  of  our  work. 

The  resulfs  obfained  for  fhe  successful  handshake  probability  and  fhe  busy  channel 
probability  in  Eqs.  (5.26)  and  Eq.  (5.30),  respecfively,  suggesf  fhe  shape  fhaf  we  should  expecf 
for  fhe  linear  approximations  of  fhe  feedback  probabilities  Vik  thaf  depend  on  fhe  fransmission 
probabilities  r  in  Eq.  (5.9).  In  ofher  words. 


^ik  —  9i 


gik{r)  ~  pIo  +  ^  pljTj,  /c  =  1,  2, . . . ,  i, 


(5.36) 


j&V 

iV* 


where,  as  in  Eqs.  (5.26)  and  (5.30),  fhe  coefficienls  p],-  are  expecfed  fo  safisfy  0  <  Pi,  <  1, 
since  fhey  acf  as  “weighfs”  fo  fhe  confribulion  of  each  Tj  fo  fhe  overall  probabilify  Vij..  Hence, 
subslifuling  Eq.  (5.36)  back  info  Eq.  (5.35),  we  have 


i 

A  —  V  ^  ^  Oik 
k=l 

where 


/ 


hkO  +  ^  hlf 


\  I 

V  iVi  / 


+  ^k^^ik  —  TTj  +  (5.37) 


k=l 


jev 

iV* 


k=l 


I 

VTi  =  ao  +  akPko, 
k=l 


and 


^  ^  Okpkj- 


(5.38) 


(5.39) 


fc=i 
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In  matrix  notation,  we  have 


T  =  TT  +  +  riA,  (5.40) 

where  tt  =  [tti  7r2  . . .  vr^]^,  ^  is  the  n  x  n  matrix  with  elements  (j)ij,  fl  is  the  n  x  m  matrix 
with  elements  coij,  and  A  =  [Ai  A2  •  •  •  By  rearranging  the  terms  in  Eq.  (5.40),  we 

obtain  the  linear  system 

(I  —  $)r  =  TT  +  riA,  (5.41) 

where  I  is  the  n  x  n  identity  matrix.  In  its  essenee,  the  matrix  $  eonveys  all  the  information 
about  how  eaeh  node  interferes  with  every  other  node  in  the  network  based  on  the  effeet  of 
the  PHY  and  MAC  layers.  For  this  reason,  we  refer  to  $  as  the  interference  matrix. 

The  linear  system  in  Eq.  (5.41)  has  a  solution  if  and  only  if,  the  veetor  tt  +  QA  is 
in  the  eolumn  spaee  of  the  matrix  E  =  I  —  i.e.,  it  is  a  linear  eombination  of  the  eolumns  of 

r.  Given  the  generality  of  the  matrix  F,  whieh  ean  ehange  every  time  we  eonsider  a  different 
network  topology  (through  the  interferenee  matrix  $),  we  need  to  find  out  whieh  matriees  F 
allow  the  linear  system  in  Eq.  (5.41)  to  have  a  solution.  In  faet,  we  will  aim  higher  and  ask, 
ultimately,  if  the  linear  system  in  Eq.  (5.41)  has  a  solution  regardless  of  network  topology. 
Indeed,  the  answer  to  this  question  is  yes  and  is  a  eonsequenee  of  Theorem  1  below. 

Definition  1  A  square  matrix  A  is  strictly  diagonally  dominant  if  the  absolute  value  of  each 
diagonal  element  is  greater  than  the  sum  of  the  absolute  values  of  the  non-diagonal  elements 
in  its  row.  That  is, 

Property  1  Every  strictly  diagonally  dominant  matrix  in  nonsingular  [62 ]. 
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Theorem  1  The  matrix  r  =  I  -  $  is  nonsingular  if 

l 

j^i  k=i 

Proof:  By  construction,  the  diagonal  elements  of  matrix  F  are  all  positive  and  equal 
to  one,  whereas  its  off-diagonal  elements  fij  are  given  by  Eq.  (5.39).  Hence,  from  Defini¬ 
tion  1,  the  matrix  F  is  strictly  diagonally  dominant  if  and  only  if 

i 

Y  =  E  E  <1,  V  i  G  F.  (5.42) 

j^i  jj^i  k=l 

If  the  matrix  F  satisfies  the  condition  above,  it  is  nonsingular  according  to  Property  1 .  □ 


Proof:  From  Theorem  1,  the  matrix  F  is  nonsingular  if 

i 

SE  -afe/Ufcj  <1,  y  i  G  V.  (5.43) 

j^i  k=i 

But, 

i  i  i 

EE  ^EE  =  EE  \Tkj  \  •  (5.44) 

j^i  k=l  j^i  k=l  j^i  k=l 

From  Eq.  (5.36),  the  coefficients  reflect  the  impact  of  the  topology  and  physical 

layer  parameters  and,  from  our  earlier  remarks,  they  satisfy  0  <  <  1.  Therefore, 

i  i  i  i 

EE  ^kTkj  SEE  I  \Tkj\  SEE  I  ^k\  1)  ^  ^  I  ^k\  •  (5.45) 

j:^i  k=l  j^i  k=l  k=l  k=l 
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If  the  upper  bound  satisfies  the  eondition  of  strietly  diagonally  dominanee,  the  sum 
Ylk=i  will  also  do.  Therefore,  if  we  apply  the  eondition  of  strietly  diagonally 

dominanee  with  respeet  to  the  diagonal  elements  of  F,  we  have 

i  i  ^ 

(n  -  1)  ^  |-afc|  <  1  ^  ^  l-ttfcl  <  7 - (5.46) 

k=l  k=i  ^  ’ 

and  we  guarantee  that  F  is  nonsingular  regardless  of  network  topology  and  physieal  layer 
parameters.  □ 

Theorem  1  and  Corollary  1  provide  suffieient  eonditions  for  the  matrix  F  =  I  — 
$  to  be  nonsingular.  Consequently,  the  linear  system  in  Eq.  (5.41)  ean  be  solved,  and  the 
transmission  probability  veetor  r  is  finally  given  by 

T  =  F~V  +  F~inA.  (5.47) 

Note  1:  Considering  the  faet  that  the  eoeffieients  are  funetions  of  the  parame¬ 
ters  of  the  underlying  MAC  protoeol,  and  the  refleet  the  impaet  of  the  topology  and  the 
physieal  layer  parameters,  the  eondition  stated  in  Theorem  1  provides,  in  faet,  a  design  rule 
for  choos,mg  feasible  PHY/MAC  parameters  for  a  given  network.  In  other  words.  Theorem  1 
works  as  a  design  tool  for  network  dimensioning  and  optimization.  To  illustrate  that,  we  give 
an  example  of  the  applieation  of  Theorem  1  in  the  design  of  feasible  IEEE  802. 1 1  networks  in 
Chapter  6.  By  applying  the  eondition  stated  in  Theorem  1,  we  show  that  the  networks  beeome 
more  fair  regarding  the  sharing  of  ehannel  aeeess  among  eompeting  nodes  while  the  average 
network  throughput  is  kept  praetieally  intaet; 

Note  2:  Eikewise,  the  eondition  stated  in  Corollary  1  suggests  a  design  rule  for 
ehoosing  feasible  MAC  parameters  for  a  given  network  of  size  n  independent  of  physieal 
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layer  parameters.  In  other  words,  depending  on  the  size  of  the  network,  Corollary  1  imposes 


a  eondition  for  having  a  solvable  system  with  respeet  to  the  parameters  of  the  ehosen  MAC 
protoeol. 

Note  3:  It  is  important  to  mention  that,  although  we  have  provided  only  a  sufficient 
condition  in  Theorem  1,  we  believe  that  sueh  a  eondition  is  a  necessary  one  in  order  to  have 
a  solvable  system.  In  Chapter  6,  we  investigated  simulation  results  for  IEEE  802.1 1  networks 
and  we  found  that,  when  topologies  did  not  satisfy  the  suffieient  eondition,  they  would  eontain 
some  nodes  obtaining  zero  throughput.  This  is  a  elear  indieation  that  the  network  is  not  well- 
posed  in  terms  of  ehosen  PHY/MAC  parameters.  Eikewise,  for  the  same  topologies,  the  linear 
system  would  provide  ineonsistent  results,  like  the  generation  of  small  negative  probabilities ! 

Note  4:  In  the  worst  ease  seenario,  the  linear  system  in  Eq.  (5.41)  ean  be  eomputed 
in  up  to  O(n^)  operations  (where  n  is  the  number  of  nodes).  Depending  on  the  symmetry  of 
the  problem,  this  eomplexity  ean  be  redueed  to  0(n)  [57].  In  eontrast,  in  the  work  by  Boorstyn 
et  al.  [13],  whieh  aimed  to  obtain  the  seheduling  rates  of  a  CSMA  network  eorresponding  to 
given  desired  link  traffie  rates,  the  eomplexity  of  the  algorithm  is  exponential  in  general,  and 
it  grows  quadratieally  or  eubieally  with  the  number  of  links  for  most  networks  on  the  order  of 
100  nodes.  Therefore,  our  modeling  framework  is  quite  sealable  with  the  number  of  nodes. 

5.7  Conclusions 

In  this  ehapter,  we  introdueed  a  new  modeling  framework  for  the  analytieal  study 
of  any  medium  aeeess  eontrol  (MAC)  protoeols  operating  in  multihop  ad  hoe  networks  that 
foeuses  on  the  interaetions  between  the  PHY  and  the  MAC  layers.  To  aeeount  for  the  effeets 
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of  both  cross-layer  interactions  and  the  interference  among  all  nodes,  a  novel  linear  model 


was  introduced  with  which  topology  and  PHY/MAC-layer  aspects  are  naturally  incorporated 
in  what  we  defined  as  interference  matrices.  A  key  feature  of  the  model  is  that  nodes  can 
be  modeled  individually,  i.e.,  it  allows  a  per-node  setup  of  many  layer-specific  paramefers. 
Moreover,  no  spafial  probabilify  disfribufion  or  special  arrangemenf  of  nodes  is  assumed;  fhe 
model  allows  fhe  compufafion  of  individual  (per-node)  performance  mefrics  for  any  given 
nefwork  topology  and  radio  channel  model. 
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Chapter  6 


IEEE  802.11  Ad  Hoc  Networks  with 
Omni-Directional  Antennas 


In  this  chapter,  we  show  how  the  analytical  modeling  framework  developed  in  Chapter  5  can 
be  applied  to  the  study  of  realistic  MAC  protocols  in  ad  hoc  networks.  To  this  end,  we  present 
the  modeling  and  analysis  of  wireless  ad  hoc  networks  that  operate  according  to  the  IEEE 
802.11  distributed  coordination  function  (DCE)  [64]. 

6.1  Modeling  the  IEEE  802.11  DCE  MAC 

In  the  recent  past,  there  has  been  a  number  of  attempts  to  model  the  IEEE  802. 1 1 
DCE  MAC  [64].  One  of  the  most  prominent  works  is  the  one  by  Bianchi  [12],  who  presented  a 
way  to  evaluate  the  saturation  throughput  of  fully-connected  networks  based  on  the  modeling 
of  the  binary  exponential  backoff  algorithm,  heart  of  the  IEEE  802.11  DCE  MAC.  Bianchi 
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modeled  the  backoff  time  counter  operation  as  a  bi-dimensional  discrete-time  Markov  chain, 


assuming  that  each  frame  “collides”  with  a  constant  and  independent  probability  p  at  each 
transmission  attempt,  regardless  of  the  number  of  retransmissions  already  undertaken.  This 
probability  was  named  the  conditional  collision  probability,  meaning  the  probability  of  a  col¬ 
lision  experienced  by  a  frame  being  transmitted  on  the  channel.  From  the  Markov  chain,  one 
can  obtain  the  steady-state  probability  r  that  a  node  transmits  a  frame  at  any  time  as  a  func¬ 
tion  of  the  conditional  collision  probability  p  and  some  parameters  of  the  IEEE  802.11  DCE 
backoff  algorithm. 

Building  upon  Bianchi’s  model,  some  works  have  tried  to  deal  with  other  aspects  of 
the  IEEE  802.1 1  DCE  not  previously  considered.  Ziouva  and  Antonakopoulos  [150]  provided 
a  general  model  for  CSMA/CA  protocols  based  on  Bianchi’s  model.  They  assumed  a  backoff 
algorithm  close  to  the  one  in  the  802.11,  and  included  the  “freezing”  activity  of  the  802.11 
backoff  algorithm,  defining  the  probability  of  detecting  the  channel  busy.  Because  their  model 
targeted  general  CSMA/CA  protocols,  their  Markov  chain  does  not  accurately  reflects  the 
IEEE  802.1 1  DCE  operation.  Ergen  and  Varaiya  [38]  followed  Ziouva’s  approach  with  respect 
to  the  impact  of  the  carrier  sensing  mechanism,  and  focused  on  the  IEEE  802.1 1  itself.  In  their 
model,  however,  they  make  the  very  simplifying  assumption  that  the  conditional  collision 
probability  is  equal  to  the  probability  of  detecting  the  channel  busy.  In  practice,  the  model 
by  Ziouva  and  Antonakopoulos  [150]  makes  this  same  simplifying  assumption,  particularly 
when  the  number  of  nodes  in  the  network  is  large. 

One  drawback  of  these  models  (including  Bianchi’s)  is  the  fact  that  they  do  not 
consider  the  finite  retry  limits  of  the  IEEE  802. 1 1  DCE,  which  proposes  that  DATA  and  RTS 
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frames  must  be  retransmitted  a  finite  number  of  times.  Instead,  they  all  assume  that  frames 


are  retransmitted  infinitely  in  time,  until  they  are  successfully  transmitted.  Wu  et.  al.  [138] 
incorporated  the  finite  retry  limit  into  Bianchi’s  model.  On  the  other  hand,  Wu’s  model  did 
not  attempt  to  model  the  impact  of  the  carrier  sense  mechanism. 

A  major  limitation  of  all  the  aforementioned  models  is  the  fact  that  they  implicitly 
assume  a  fully-connected  segment  of  network  under  perfect  channel  conditions  (i.e.,  no  hid¬ 
den  terminal  problems,  no  PHY-layer  aspects,  etc.).  Consequently,  by  defining  a  “collision 
probabilify,”  fhey  assume  fhaf  all  frames  received  al  Ihe  same  lime  “collide”  and,  Iherefore, 
Ihey  are  all  losl.  By  doing  so,  fhey  assume  lhal  all  “collisions”  are  reslricled  lo  RTS  frames 
only,  disregarding  Ihus,  Ihe  possibility  of  errors  in  Ihe  CTS,  DATA  and/or  ACK  frames.  In 
facl,  by  ils  very  definilion,  all  Ihe  previous  models  mislakenly  define  p,  which  should  aclu- 
ally  be  referred  as  Ihe  probability  of  a  failed  handshake,  since  a  sender’s  frame  could  slill 
be  correclly  received  al  Ihe  receiver’s  side,  buf  nol  ils  acknowledgment  In  addilion,  if  is  nol 
Irue,  for  inslance,  lhal  Ihe  probability  of  a  failed  handshake  is  Ihe  same  (or  similar)  lo  Ihe 
probability  of  delecling  Ihe  channel  busy.  Each  of  Ihese  probabililies  reflecl  lolally  differenl 
phenomena  al  Ihe  PHY  layer.  Delecling  lhal  a  channel  is  busy  only  requires  lhal  some  en¬ 
ergy  level  be  perceived  al  a  node  (as  a  resull  of  some  Iransmission(s)).  On  Ihe  olher  hand, 
Iransmission  errors  are  related  lo  a  more  complex  process,  and  deals  wilh  Ihe  ability  of  Ihe 
nodes  lo  correclly  receive  a  frame,  which  depends  on  many  PHY-layer  parameters  such  as  Ihe 
modulalion/demodulalion  scheme,  receiver  design,  elc. 

If  errors  in  bolh  conlrol  and  dala  frames  are  lo  be  considered,  Ihen  Ihe  modeling 
of  Ihe  IEEE  802.11  backoff  operalion  needs  lo  be  modified.  This  is  because  all  previous 
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work  has  disregarded  the  two  retry  counters  defined  by  the  standard  [64]:  the  STA  long  retry 


eounter  (SLRC)  and  the  STA  short  retry  eounter  (SSRC).  The  SSRC  is  associated  with  the  RTS 
frame,  and  the  SLRC  is  associated  with  the  DATA  framed  The  SSRC  (SLRC)  is  incremented 
whenever  an  RTS  (DATA)  frame  is  unsuccessfully  transmitted.  The  SSRC  (SLRC)  is  reset  to 
0  whenever  a  CTS  (ACK)  frame  is  received  in  response  to  an  RTS  (DATA)  frame.  Therefore, 
even  though  the  SRRC  may  be  reset  after  a  successful  RTS  transmission,  the  subsequent 
DATA  frame  transmission  may  be  unsuccessful,  leading,  instead,  to  an  increment  of  the  SLRC. 

According  to  the  standard,  the  contention  window  size  is  reset  to  its  minimum  value 
only  after  a  successful  DATA  frame  transmission  occur  or  when  the  SLRC  or  SSRC  reach 
their  maximum  values — but  never  after  a  successful  RTS  transmission.  In  previous  models, 
the  CTS,  DATA,  and  ACK  frames  were  all  assumed  to  be  error-free  after  a  successful  RTS 
transmission,  implying  that  a  reset  of  SRRC  would  necessarily  lead  to  a  reset  of  the  con¬ 
tention  window  size  (since  the  SLRC  would  never  be  incremented).  Therefore,  in  previous 
works,  the  contention  window  size  was  solely  controlled  by  the  number  of  unsuccessful  RTS 
transmissions. 

For  a  faithful  modeling  of  the  IEEE  802.1 1  DCE  MAC,  one  needs  to  consider  both 
SSRC  and  SERC  retry  counters.  Unfortunately,  if  we  choose  to  follow  the  modeling  ap¬ 
proach  used  by  Bianchi,  it  is  not  hard  to  realize  that  we  will  need  a  four-dimensional  Markov 
chain  to  cover  all  possible  states  of  the  binary  exponential  backoff  algorithm.  To  make  things 
simpler — while  still  considering  the  impact  of  errors  in  both  control  and  data  frames — we  con¬ 
sider  a  small  simplification  of  the  original  IEEE  802.11  DCE  MAC  by  defining  a  single  retry 

this  frame  is  bigger  than  a  certain  user-defined  threshold. 
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counter  RC.  The  RC  will  be  incremented  every  time  an  RTS  or  DATA  frame  is  unsuccessfully 


transmitted,  i.e.,  when  the  CTS/ACK  are  not  received  within  a  timeout  or  when  they  are  re¬ 
ceived  with  errors.  Likewise,  the  RC  and  the  contention  window  size  will  be  reset  only  when 
either  a  DATA  frame  is  successfully  transmitted  or  when  RC  reaches  its  maximum  value.  As 
in  the  standard,  we  allow  the  contention  window  to  increment  up  to  a  maximum  value,  after 
which  it  remains  at  this  value  until  it  is  reset.  With  this  small  simplification,  we  are  able  to 
model  the  IEEE  802. 1 1  DCE  MAC  using  only  a  two-dimensional  Markov  chain,  as  described 
next. 


Eet  bj  {t)  be  the  stochastic  process  representing  the  backoff  time  counter  for  a  node 
j  G  F  at  a  time  t,  and  Sj{t)  be  the  stochastic  process  representing  j’s  backoff  stage  at  time 
t,  where  Sj{t)  G  [0,  M],  and  M  is  the  maximum  backoff  stage  (i.e.,  the  maximum  value  the 
retry  counter  RC  can  assume).  Hence,  bj{t)  G  [0,  —  1],  where 


(i) 


=  < 


2^jWVFT'iTi  if  0  <  Sj{t)  <  m 


(6.1) 


2”^lFmin  if  m<Sj{t)<M. 

Eet  us  assume  that  the  RTS/CTS  handshake  fails  with  a  constant  and  independent 
probability  pj ,  and  that  the  DATA/ACK  handshake  fails  with  a  constant  and  independent  prob¬ 
ability  dj,  both  regardless  of  the  number  of  retransmissions  experienced.  Also,  let  us  assume 
that  a  node  detects  that  the  channel  is  busy  with  a  constant  and  independent  probability  gj . 
Note  that  these  independence  assumptions  are  with  respect  to  the  number  of  retransmissions, 
but  pj ,  dj ,  and  gj  are  dependent  on  PHY-layer  aspects,  and  are  computed  according  to  the  de¬ 
velopments  in  Section  ??.  Under  these  conditions,  the  process  {sj{t),  bj{t)}  can  be  modeled 
with  the  discrete-time  Markov  chain  depicted  in  Eig.  6.1.  As  in  [12],  let  us  adopt  the  notation 
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Figure  6.1:  Markov  model  for  the  modifi  ed  binary  exponential  backoff  algorithm  based  on  the  IEEE 
802.1 1  DCE  MAC.  Losses  in  both  control  and  data  frames  taken  into  account. 

P{ii,  /ci|fo,  ko}  =  P{s{t  +  1)  =  ii,b{t  +  1)  =  /ci|s(f)  =  iq,  b{t)  =  ko}.  From  the  above 
Markov  ehain,  the  only  non-null  one-step  transition  probabilities  are 


P{i,k\i,k  +  1}  =  1  -  gj, 

k  G  [0,  Wi  -  2], 

i  G  [0,M] 

(6.2) 

P{i,k\i,k}  =  gj, 

kG[l,Wi-l], 

i  G  [0,M] 

(6.3) 

P{i,-l|f,0}  =  I-Pj, 

i  G  [0,M] 

(6.4) 

P{i,k\i- 1,0}  =  ^^, 

k£[0,Wi-l], 

i  G  [1,M] 

(6.5) 

P{i,k\i  -  1,-1}  = 

kG[0,Wi-l], 

i  G  [1,M] 

(6.6) 

k  G  [0,  Wq  —  1], 

i  G  [0,  M  -  1] 

(6.7) 
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P{0,fc|M,0}  =  ^,  ke[0,Wo-l] 

Wo 

P{0,k\M,-l}  =  ^,  ke[0,Wo-l]. 


(6.8) 

(6.9) 


The  first  and  second  equations  indicate  that  the  backoff  counter  is  decremented  if  the 
channel  is  sensed  idle  (with  probability  1  —  gj),  and  frozen  if  the  channel  is  sensed  busy  (with 
probability  gj).  The  third  equation  indicates  that  a  successful  handshake  of  control  frames 
took  place  and  the  node  is  ready  to  send  its  DATA  frame.  The  next  equation  indicates  that, 
after  an  unsuccessful  handshake  of  control  frames  (RTS/CTS)  at  stage  i  —  1,  a  backoff  interval 
is  uniformly  chosen  within  the  interval  [0,  Wi  —  1]  for  the  next  stage  i.  The  fourth  equation 
indicates  that  the  transmission  of  DATA  frame  failed  at  stage  i  —  1,  and  a  backoff  interval 
is  uniformly  chosen  within  the  interval  [0,Wi  —  1].  The  fifth  equation  indicates  that  a  DATA 
frame  was  transmitted  successfully  and  a  new  frame  transmission  starts  at  backoff  stage  0  with 
a  backoff  window  uniformly  chosen  within  the  interval  [0,  Wq—I]  .  The  next  equation  indicates 
that  a  handshake  of  control  packets  failed  and  the  number  of  allowed  retransmissions  reached 
its  maximum.  Hence,  the  DATA  frame  is  discarded  and  a  new  one  is  picked  at  the  head  of 
the  node’s  queue.  A  new  frame  transmission  starts  at  backoff  stage  0  with  a  backoff  window 
uniformly  chosen  within  the  interval  [0,lRo  ~  1].  The  last  equation  describes  that  either  a 
DATA  frame  transmission  was  successful  or  it  it  failed.  In  either  case,  a  new  frame  starts  at 
backoff  stage  0  with  a  backoff  window  uniformly  chosen  within  the  interval  [0,  Wq  —  1]. 

Let  bi^k  =  T’{s(t)  =  i,b{t)  =  k},i  G  [0,M],k  G  [0,Wi  —  1]  be  the 

stationary  distribution  of  the  Markov  chain.  First,  we  note  that 


bifi  =  Pj  h-ifi  +  dj  h-i-i,  1  <i  <  M. 


(6.10) 
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But,  because  bi-i-i  =  (1  —  pj)bi-i^o,  we  have 


bi,o  =  Ipj  +  dj{l  -  pj)]  bi-ifl, 


(6.11) 


which  leads  to 

bi,o  =  \Pj  +  dj{l  -  pj)Y  bofi,  0<i  <  M.  (6.12) 


For  i  =  0  and  A:  G  [1,  Wo  —  1], 

W  -  k 

^  (1  -  g  )Wo  ^  ~  dj)bi,o  +  bM,o,  (6.13) 

whereas  for  i  /  0  and  k  G  [1,  IFj  —  1], 

W-  —  k 

-  g  )W-  +  -pj)]  bi-ifi,  i  G  [1,M].  (6.14) 

From  Eq.  (6.11),  and  by  noting  that  6o,o  =  ^(1  “  Pj)i^  ~  dj)bifl  +  6m, O;  Eqs.  (6.13) 

and  (6.14)  can  be  rewritten  as 


bi^k 


Wi-k 

(1  -  9j)Wi 


[pj  +  djil-pjYY  6o,o, 


(6.15) 


for  i  G  [0,  M]  and  /c  G  [1,  VFj  —  1] .  Therefore,  all  values  of  6j  ^  can  be  expressed  as  functions 
of  6o,o,  whose  value  can  be  found  from  the  normalization  condition  ^  bi^k  =  1, 

yielding 


where  aj 


^  2{l-gj){l-aj){l-2a,) 

(1  -  af+^)(l  -  2aj){l  -  2gj)  +  kW' 

Pj  +  dj{l  —  Pj),  and  k  =  {1  —  aj)  [l  —  (2aj)^’''^]  if  m 


(6.16) 


M,  and  k  = 


1  -  aj{l  +  {2aj)'^[l  +  -  2aj)]}  if  m  <  M. 

A  node  initiates  a  handshake  when  it  attempts  to  send  an  RTS,  i.e.,  when  it  reaches 
the  states  6*^,  i  G  [0,M].  Therefore,  the  probability  Tj  that  node  j  attempts  to  initiate  a 
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handshake  is  obtained  by  taking  tj  =  ^*.0)  whieh  is  given  by 

2{l-g,){l-af+^){l-2a,) 
{l-af+^){l-2aj){l-2gj)  +  KW' 

with  K  assuming  the  same  values  as  before  depending  on  whether  m  <  M.  It  is  interesting 
to  note  that,  if  M  ^  oo,  then  gj  =  0,  dj  =  0,  and  the  Markov  ehain  in  Fig.  6.1  reduees  to 
the  one  used  by  Bianehi  [12]  for  the  ease  when  m  <  M.  Aeeordingly,  by  making  M  oo, 
we  have  gj  =  0  and  dj  =  0  in  Eq.  (6.17),  and  the  same  expression  as  the  one  derived  by 
Bianehi  [12]  is  obtained. 

6.2  Building  the  Interference  Matrix 

In  this  seetion,  we  show  how  to  obtain  the  interferenee  matrix  of  an  ad  hoe  network 
that  operates  aeeording  to  the  IEEE  802.11  DCE  MAC.  To  aeeomplish  that,  we  follow  the 
developments  introdueed  in  Chapter  5  and  derive  linear  approximations  to  the  operation  of 
the  IEEE  802.11  DCE  MAC  and  to  the  impaet  of  the  feedbaek  information  it  uses.  After  that, 
we  investigate  the  eonditions  for  the  linear  system  to  be  solvable,  aeeording  to  Theorem  1  and 
Corollary  1  in  Chapter  5.  Einally,  we  investigate  the  relationship  between  system  solvability 
and  issues  pertinent  to  network  dimensioning  and  fairness  of  the  IEEE  802.1 1  DCE  MAC. 

6.2.1  The  Linear  Approximation 

Equation  (6.17)  eontains  exaetly  what  we  need  to  apply  the  analytieal  modeling 
framework  introdueed  in  Chapter  5:  it  provides  the  funetional  form  tj  =  hj{ipj)  by  whieh 
the  IEEE  802. 1 1  DCE  MAC  relates  the  steady-state  transmission  probability  (seheduling  rate) 
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Tj  with  a  vector  of  feedback  probabilities  ipj.  In  the  specific  case  of  the  Markov  model  we 
developed  for  the  IEEE  802.11  DCE  MAC,  the  feedback  variables  are  pj,  qj,  and  gj.  But, 
because  pj  and  Qj  denote  probabilities  of  unsuccessful  handshakes,  we  define  the  correspond¬ 
ing  probabilities  of  successful  handshakes  =  1  —  pj,  and  =  1  —  dj,  in  order  to  be 
coherent  with  the  framework  developed  in  Chapter  5.  Hence,  the  vector  ipj  of  feedback  prob¬ 
abilities  will  be  given  by  Lpj  =  [gj*^  g^“*  9jV ■  Eollowing  the  steps  presented  in  Section  5.6,  a 
first-order  approximation  of  Tj  can  be  easily  obtained,  and  it  is  given  by 


2(1  -  W)  2W  rts  2W  aat  2(1E  - 1) 
“  (1C  +  1)2  +  (VE  +  1)2 +  (1C +  1)2^^'  + 


(6.18) 


with  linear  coefficients  =  2(1  —  1C)/(1C  -1  l)^,ai  =  02  =  2Wl{W  +  1)2,  and  = 


2(1C  —  1) /(IC  -1  1)^,  according  to  the  notation  used  in  Eq.  (5.35)  in  Chapter  5. 

The  computation  of  the  feedback  probabilities  gj*^,  g^“*,  and  gj  follow  the  develop¬ 


ments  in  Sections  5.6.1  and  5.6.2,  and  their  linear  approximations  are  functions  of  the  trans¬ 


mission  probabilities  of  all  nodes  in  the  network,  as  given  by  Eqs.  (5.26),  (5.30),  i.e.. 


Tj  —  OIQ  Ol\ 


as 


E 

k£V 


djk'^k-i 


=  T^j  +  '^<j)jkTk,  (6.19) 

j&v 

where 


TTj  =  ao  +  aiTrJ*^  -1  a27r^“*,  V  j  G  C, 


(6.20) 


and 


fjk 


-oticfjf  -  a2cjf  -  asdjk,  H  j  ^  k 

< 

0,  otherwise. 


(6.21) 
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Therefore,  we  have  obtained  a  linear  system  of  equations  relating  the  transmission 


probabilities  of  all  nodes  in  the  network,  whieh  is  given  by  (in  matrix  notation) 

(I  -  $)  T  =  TT,  (6.22) 

where  tt  =  [tti  7r2  ...  VTn]^,  and  $  is  the  interference  matrix  whose  elements  are  given  by 
Eq.  (6.21).  As  a  final  note,  we  observe  that  beeause  the  Markov  model  developed  for  the 
IEEE  802.11  DCE  MAC  does  not  eontain  any  a  priori  feedbaek  variables,  Eq.  (6.22)  is,  in 
fact,  a  simplified  version  of  fhe  more  general  case  introduced  in  the  modeling  framework  in 
Chapter  5,  as  expressed  by  Eq.  (5.41). 


6.2.2  Making  the  Linear  System  Solvable 


In  Chapter  5,  we  provided  sufficient  conditions  for  the  linear  system  of  transmission 
probabilities  to  have  a  solution.  According  to  Theorem  1,  the  linear  system  of  Eq.  (6.22)  has 
a  solution  if  all  of  its  rows  satisfy 


E 


+  asdjk 


<1,  yjev. 


(6.23) 


Thus,  depending  on  the  location  of  nodes,  the  parameters  of  the  MAC  layer  (rep¬ 
resented  by  the  coefficients  ai,i  =  1,2,3),  and/or  the  parameters  of  the  PHY  layer  (which 
have  their  impact  expressed  through  the  coefficients  c^jf,  and  dik),  the  linear  system  of 
Eq.  (6.22)  has  a  solution.  Consequently,  given  the  location  of  the  nodes  and  the  characteriza¬ 
tion  of  the  radio  channel,  one  can  choose  appropriate  PHY/MAC  layer  parameters  to  satisfy 
the  above  condition  in  order  to  have  a  solvable  linear  system. 

On  the  other  hand,  if  one  wants  to  obtain  a  solvable  system  regardless  of  physical 
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layer  parameters,  Corollary  1  in  Chapter  5  provides  the  answer.  In  this  ease,  a  suffieient 


eondition  for  the  linear  system  of  Eq.  (6.22)  to  have  a  solution  is  simply  given  by 

3 


E 

i=l 


a,:  < 


1 


1  ) 
n  —  1 


(6.24) 


whieh,  from  the  definition  of  the  eoeffieients  reduees  to 


6Wmin  -  2  1 

(hEmin  +  l)2  n-1’ 


(6.25) 


i.e.,  given  the  number  n  of  nodes  in  the  network,  the  minimum  eontention  window  size  lEmin 
of  the  IEEE  802.1 1  DCE  MAC  must  be  ehosen  in  sueh  a  way  that  the  inequality  in  Eq.  (6.25) 
is  satisfied.  Eikewise,  if  we  rearrange  fhe  ferms  in  Eq.  (6.25),  we  obfain  an  upper  bound  on 
fhe  maximum  number  n  of  nodes  allowed  in  fhe  nefwork  for  a  given  minimum  eonfenfion 
window  size  Wmin,  he.. 


(Wmin  +  lf 

GlEmin  -  2 


(6.26) 


Therefore,  Eq.  (6.26)  provides  an  upper  bound  on  fhe  maximum  number  of  nodes 
allowed  in  fhe  nefwork  so  fhaf  a  solution  fo  fhe  linear  sysfem  is  possible  regardless  of  physical 
layer  aspects.  Eigure  6.2  shows  fhe  maximum  number  of  nodes  allowed  in  fhe  nefwork  as  a 
funefion  of  fhe  minimum  eonfenfion  window  size  VEmin>  as  provided  by  Eq.  (6.26).  As  we 
ean  see,  fhe  maximum  number  of  nodes  allowed  in  fhe  nefwork  inereases  linearly  wifh  fhe 
minimum  eonfenfion  window  size  Wmi„ .  To  undersfand  fhis  linear  inerease,  we  ean  make  an 
approximation  fo  fhe  upper  bound  of  Eq.  (6.26)  when  PEmin  ^  1.  In  fhis  ease. 


(hEmin  +  1)^ 
GWrnm  -  2 


+  1 


W^-  1 

““  =-Wrr 


GWrr 


(6.27) 
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Figure  6.2:  Maximum  number  of  nodes  allowed  in  the  network  versus  the  minimum  contention  win¬ 
dow  size. 

which  is  exactly  the  relation  we  obtain  if  we  adjust  a  linear  function  of  the  form  y  =  ax  to  the 
curve  in  Fig.  6.2.  Likewise,  because  the  minimum  contention  window  size  VFmin  of  the  IEEE 
802.11  DCE  MAC  is  specified  as  a  power  m  of  the  base  2,  i.e.,  Wm\n  =  2™,  the  maximum 
number  of  nodes  allowed  in  the  network  increases  exponentially  with  the  power  m  of  the  base 
2  according  to  g  x  2”^,  as  shown  in  Eigure  6.3.  Consequently,  from  Eq.  (6.27),  the  following 
practical  rule  of  thumb  can  be  postulated  about  the  maximum  number  of  nodes  allowed  in  a 
saturated  IEEE  802. 1 1  network  so  that  we  have  a  solvable  linear  system  regardless  of  physical 
layer  aspects: 

Rule  of  Thumb  (Maximum  Number  of  Nodes)  :/n  order  to  have  a  solvable  linear 
system  that  corresponds  to  a  saturated  IEEE  802.11  network  independent  of  physical  layer 
aspects,  the  maximum  number  of  nodes  allowed  in  the  network  must  be  around  a  sixth  of  the 
minimum  contention  window  size. 
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Figure  6.3:  Maximum  number  of  nodes  allowed  in  the  network  versus  the  minimum  contention  win¬ 
dow  size  expressed  in  terms  of  powers  of  the  base  2. 


It  is  interesting  to  observe  that  our  rule  of  thumb  is  aetually  related  to  aspeets  of 
network  performanee  and  dimensioning.  For  instanee,  if  we  look  at  the  results  obtained  in 
Chapter  2  about  the  average  serviee  time  and  jitter  with  respeet  to  the  minimum  eontention 
window  size,  we  will  see  that  a  higher  minimum  eontention  window  size  is  neeessary  as  the 
number  of  nodes  inereases,  as  shown  in  Figures  2.7(a),  (b),  (e),  (d),  (e),  (f),  (g),  and  (h).  For 
example,  the  rule  of  thumb  says  that  the  value  of  PFmin  neeessary  for  a  network  with  50  nodes 
must  be  50  X  6  =  300.  Surprisingly,  we  ean  observe  in  Figure  2.7(e)  that  the  average  serviee 
time  for  a  network  of  50  nodes  only  attains  reasonable  values  after  the  minimum  eontention 
window  size  inereases  above  256. 

When  physieal  layer  aspeets  are  in  plaee,  the  rule  of  thumb  does  not  apply.  How¬ 
ever,  the  relation  between  the  suffieient  eondition  of  Theorem  1  and  network  dimension- 
ing/performanee  ean  still  be  observed,  as  diseussed  next. 
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6.2.3  Network  Fairness  and  the  Suffi  ciency  Conditions 


An  important  aspect  related  to  the  sufficiency  conditions  provided  by  Theorem  1 
and  Corollary  1  is  regarding  network /a/rne^i,  i.e.,  the  fair  share  of  channel  access  among 
competing  nodes,  leading  to  overall  throughput  values  much  higher  across  all  nodes.  The 
IEEE  802. 1 1  DCE  MAC,  in  particular,  is  well-known  for  presenting  serious  fairness  prob¬ 
lems  [].  The  fairness  problem  of  the  IEEE  802.11  DCE  MAC  is  directly  related  to  its  binary 
exponential  backoff  algorithm  and,  consequently,  to  the  selection  of  the  minimum  contention 
window  size  as  well. 

Interestingly,  to  make  the  linear  system  to  become“solvable”  seems  to  be  directly 
related  to  make  the  system  more  fair  as  well  (in  the  particular  case  of  the  IEEE  802.11  DCE 
MAC).  To  investigate  this,  we  applied  the  sufficiency  condifion  of  Theorem  1  on  10  random 
fopologies  wifh  100  nodes  each,  using  fixed  PHY-layer  paramefers  and  a  given  radio  channel 
model  (described  in  more  defail  in  Secfion  7.5).  By  varying  only  fhe  minimum  confenfion 
window  size,  we  found  fhaf  fhe  sysfem  becomes  solvable  for  fhe  10  selecfed  fopologies  if 
W4nin  =  256,  as  opposed  fo  fhe  defaulf  value  of  lEmin  =  32.  Given  fhaf,  we  computed 
fhe  fairness  of  fhe  10  topologies  for  fhe  fwo  values  of  lEmin  using  fhroughpuf  resulfs  derived 
from  discrefe-evenf  simulafions  using  Qualnef  [105].  To  compute  fhe  level  of  fairness,  we  use 
Jain’s  fairness  index  [68],  which  is  defined  as 

1  s')^ 

Eairness  Index  = - ^  ,  (6.28) 

where  Si  is  fhe  fhroughpuf  of  each  node  in  fhe  nefwork,  and  n  is  fhe  number  of  nodes.  Regard¬ 
ing  fhe  fairness  index,  fhe  smaller  fhe  value  is,  fhe  more  fair  fhe  nefwork  becomes.  Eigure  6.4 


135 


shows  the  fairness  index  ealeulated  for  the  10  topologies  using  the  two  sizes  of  minimum 


eontention  window:  Wmin  =  32  and  PlVin  =  256.  As  we  can  see,  the  topologies  with 


Figure  6.4:  Fairness  index  of  10  topologies  with  100  nodes  each.  Results  correspond  to  discrete-event 
simulations  of  the  IEEE  802.1 1  DCE  MAC  operating  with  minimum  contention  window  sizes  equal  to 
Ifmin  =  32  and  W^in  =  256. 

W4nin  =  256  are  more  “fair”  compared  to  the  ones  with  Wm\n  =  32.  Furthermore,  if  we 
look  at  the  average  network  throughput  in  Figure  6.5,  we  will  see  that  for  an  overall  decay  in 
average  throughput  of  only  8.8%  for  networks  with  VFmin  =  256,  we  have  an  average  increase 
in  throughput  fairness  of  35%  for  the  same  networks,  as  observed  in  Figure  6.4.  Lastly,  it  is 
interesting  to  observe  the  effect  that  fairness  has  on  network  throughput.  In  Figure  6.6,  we 
show  the  minimum  throughput  value  observed  in  each  of  the  10  topologies  (of  a  given  node  in 
the  network).  As  we  can  see,  the  minimum  throughput  value  is  much  higher  in  the  topologies 
with  IFmin  =  256,  showing  how  much  fair  the  networks  become. 

Given  the  above  considerations,  we  can  observe  that  by  making  the  linear  system 
solvable,  we  are  actually  also  dealing  with  the  feasibility  of  the  network  scenarios  we  want  to 
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Figure  6.5;  Average  throughput  for  10  topologies  with  100  nodes  each.  Results  correspond  to  discrete- 
event  simulations  of  the  IEEE  802. 1 1  DCE  MAC  operating  with  minimum  contention  window  sizes  of 
W^min  =  32  and  W^in  =  256. 


Topology  Number 

Figure  6.6;  Minimum  throughput  observed  in  each  of  the  10  topologies  with  100  nodes.  Results  corre¬ 
spond  to  discrete-event  simulations  of  the  IEEE  802.1 1  DCE  MAC  operating  with  minimum  contention 
window  sizes  equal  Wmin  =  32  and  lEmin  =  256. 
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study.  Therefore,  the  suffieieney  eonditions  provided  by  Theorem  1  and  Corollary  1  serve,  in 


faet,  as  powerful  tools  for  network  dimensioning  and  design. 

6.3  Performance  Metrics 

The  seheduling  rate  r*  of  every  node  i  £  V  eonstitutes  the  fundamental  pieee  of 
information  that  we  need  to  obtain  the  performanee  metries  of  interest.  In  faet,  many  network 
performanee  metries  sueh  as  throughput  and  average  serviee  time  depend,  ultimately,  on  how 
frequent  the  nodes  sehedule  their  transmissions,  how  sueeessful  they  are,  and  their  impaet  on 
the  transmission  rate  of  every  other  node  in  the  network — all  intrinsieally  dependent  on  the 
underlying  physieal  layer  aspeets  and  network  topology.  Therefore,  it  beeomes  apparent  that  a 
bottom-up  modeling  approaeh  is  needed  in  order  to  derive  the  performanee  metries  of  interest. 

In  Chapter  2,  we  introdueed  a  bottom-up  modeling  approaeh  to  eompute  the  first 
two  moments  of  the  serviee  time  of  the  IEEE  802.11  DCE  MAC.  This  model  was  used  in 
Chapter  3  and  further  extended  in  Chapter  4.  In  all  previous  ehapters,  however,  we  used  the 
simple  Markov  model  proposed  by  Bianehi  [12]  to  model  the  operation  of  the  IEEE  802.11 
DCE  MAC.  In  Seetion  6.1,  we  introdueed  a  more  realistie  Markov  model  for  the  operation  of 
the  IEEE  802.1 1  DCE  MAC  that  eonsiders  the  impaet  of  physieal  layer  aspeets  and  the  earner 
sense  aetivity  of  nodes. 

Using  the  eore  of  the  developments  and  results  introdueed  in  Chapters  2  and  4,  we 
ean  derive  the  performanee  metries  relative  to  the  new  Markov  model  for  the  IEEE  802.11 
DCE  MAC  introdueed  in  Seetion  6.1.  This  time,  however,  we  treat  nodes  individually,  and 
performanee  metries  are  developed  in  a  way  that  the  impaet  of  the  physieal  layer  and  network 
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radio-based  topology  are  taken  into  aeeount  on  the  performanee  of  every  node  in  the  network. 


In  the  sequel,  we  start  with  the  derivation  of  the  ehannel  state  probabilities  as  per- 
eeived  individually  by  eaeh  node  in  the  network.  Following  that,  we  proeeed  with  the  deriva¬ 
tion  of  the  main  performanee  metries  of  interest. 

6.3.1  Channel  State  Probabilities 

In  Chapter  2,  we  derived  elosed-form  expressions  for  the  first  two  moments  of  a 
node’s  serviee  time  in  saturated  IEEE  802.1 1  DCE  networks  under  perfeet  ehannel  eonditions 
(i.e.,  no  physieal  layer  aspeets  and  no  hidden  terminals).  To  obtain  the  model,  we  identified 
fhree  mufually  exelusive  evenfs  fhaf  dominafe  fhe  behavior  of  fhe  binary  exponenfial  baekoff 
algorifhm  of  fhe  IEEE  802.11  DCE  MAC.  These  evenfs  eorrespond  fo  fhe  possible  ehannel 
sfafes  a  node  ean  sense  when  if  is  eonfending  for  ehannel  aeeess.  Therefore,  fhe  firsl  fwo 
momenfs  of  a  node’s  serviee  lime  are  funelions  of  fhe  ehannel  sfafe  as  pereeived  by  eaeh 
node,  and  fhis  ehannel  sfafe  is  eonveyed  in  fhe  form  of  channel  state  probabilities. 

Erom  fhe  slandpoinl  of  a  node  lhal  is  in  baekoff  mode,  fhe  ehannel  ean  be  sensed 
as  idle  or  busy.  If  fhe  ehannel  is  sensed  busy,  we  argue  in  Chapfer  2  fhaf  if  is  beeause 
eilher  a  sueeessful  frame  Iransmission  oeeurs  over  fhe  ehannel  or  a  “frame  eollision”  hap¬ 
pens.  Based  on  fhese  observations,  fhe  fhree  mufually  exelusive  evenfs  defined  earlier  were 
Eg  =  {sueeessful  Iransmission},  Ei  =  {idle  ehannel},  and  Ec  =  {eollision}.  Buf,  if 
physieal  layer  aspeefs  are  fo  be  faken  info  aeeounf,  we  need  fo  eonsider  a  more  realisfie 
even!  fhan  fhe  simpler  “eollision”  even!  defined  previously.  As  if  was  pointed  ouf  in  See- 
lion  6.1,  inslead  of  dealing  wilh  fhe  even!  “eollision,”  we  need  fo  eonsider  fhe  more  gen- 
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eral  event  “unsueeessful  handshake,”  and  its  opposite  event,  i.e.,  the  “sueeessful  handshake,” 


in  order  to  be  more  faithful  to  the  real  operation  of  the  IEEE  802.11  DCE  MAC.  Conse¬ 
quently,  the  three  mutually  exelusive  events  are  now  defined  as  =  {idle  ehannel}, 

=  (sueeessful  handshake},  and  =  (unsueeessful  handshake},  with  probabilities 
pidie  ^  =  P{Ef^^},  andp“^®  =  P{Ef^^},  respeetively. 

Beeause  of  the  impaet  of  topology  and  physieal  layer  aspeets,  nodes  no  longer  expe- 
rienee  the  same  ehannel  eonditions,  as  it  was  assumed  in  Chapter  2.  Eor  this  reason,  from  now 
on,  we  use  the  subseript  i  to  refer  to  eaeh  node  i  G  V.  Given  that,  we  ean  now  proeeed  with  the 
eomputation  of  the  ehannel  state  probabilities  and  Erom  Seetion  5.6.2,  the 

probability  that  a  node  in  baekoff  mode  senses  that  the  ehannel  is  busy  is  given  by  Eq.  (5.30). 
Consequently,  the  probability  p'f^^  that  a  node  i  G  1/  in  baekoff  mode  senses  that  the  ehannel 
is  idle  is  simply 


pf^  =  l-5i  =  l- (6.29) 
kev 


where  is  defined  as  in  Eq.  (5.29). 

Eor  fhe  probabilify  fhaf  a  node  f  G  C  in  baekoff  mode  pereeives  fhaf  a  sue¬ 
eessful  handshake  oeeurs  over  fhe  ehannel,  we  need  fo  eonsider  fhe  even!  fhaf  at  least  one 
node  transmits  over  the  channel  and  it  has  a  successful  handshake  that  is  perceived  by  node 
i.  Therefore,  we  need  fo  eonsider  all  possible  eombinafions  of  aefive  nodes  in  V  fhaf  safisfy 
sueh  eonsfrainf.  If  we  denote  by  {cl]^‘^}k=i,...,i  the  sef  of  all  I  <  sueh  eombinafions,  and 
^suc  ^  random  variable  fhaf  indieafes  fhe  oeeurrenee  of  eaeh  of  fhese  eombinafions,  we  have 

pr  =  p{[j{cr  =  cr}]-  (6.30) 


^  k=l 
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Based  on  considerations  Cl,  C2,  and  C3  from  Section  5.6  about  the  nodes’  transmis¬ 


sion  probabilities  (which  are  related  to  the  nodes’  attempts  to  establish  a  handshake),  we  can 
obtain  an  approximation  by  taking  only  the  combinations  where  only  node  k  transmits 
and  it  is  successful 

pr^  P{k  transmits  H  k  has  successful  handshake} 

keSi 

=  P{k  has  successful  handshake  |  k  transmits}P{k  transmits} 

keSi 

=  ^  QkTk,  (6.31) 

keSi 

where  Si  CV  is  the  set  of  nodes  within  the  carrier  sense  range  of  node  i  (the  signal  has  to  be 
perceived  by  node  i),  and  is  the  probability  that  node  k  £  V  executes  a  successful  hand¬ 
shake  given  that  it  has  attempted  one.  From  the  Marvov  model  in  Section  6.1,  this  probability 
is  simply 

qk  =  qtqt' =  il-Pk)il-dk),  Vfe  G  K  (6.32) 

Following  similar  arguments,  the  probability  that  node  i  perceives  an  unsuc¬ 
cessful  handshake  occurring  in  the  channel  can  be  approximated  by 

pUns  _  ^  (■g_33^ 

keSi 

6.3.2  Average  Backoff  Time 

Given  the  computation  of  the  channel  state  probabilities,  we  can  now  find  the  aver¬ 
age  backoff  time  experienced  at  each  node  i  £  V  based  on  the  results  obtained  in  Chapter  2 
and  Chapter  4,  where  the  finite-retry  limit  mechanism  of  the  IEEE  802. 1 1  DCE  MAC  was 
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incorporated  into  the  model.  As  a  consequence  of  the  fact  that  nodes  are  now  treated  individu¬ 


ally,  the  many  parameters  that  form  the  average  backoff  time  need  to  be  computed  with  respect 
to  each  node’s  own  perception  of  the  channel  under  the  underlying  radio-based  topology  and 
physical  layer  aspects.  Therefore,  if  we  use  the  subscript  i  to  indicate  the  parameters  of  the 
backoff  time  corresponding  to  node  i  G  F,  the  average  backoff  time  T Bi  experienced  at  each 
node  i  G  F  will  be  given  by  (from  the  results  in  Chapter  2  and  Chapter  4), 


tb.  ^  '^•*+ ft.tr,  vi€v 


(6.34) 


where  ai  is  the  average  backoff  “step  size”,  ICmin  is  the  minimum  contention  window  size, 
/92i)  and  /Jsi  are  given  in  Eqs.  (4.3)-(4.8),  and  is  the  average  time  spent  in  collision 
resolution. 

Regarding  the  parameters  jSu,  P2i,  and  /Ss*,  they  still  follow  Eqs.  (4.3)-(4.8),  except 
for  the  fact  that  they  are  now  functions  of  the  individual  successful  handshake  probabilities 
qi,y  i  G  V,  given  in  Eq.  (6.32).  Because  of  physical  layer  aspects  and  network  topology,  the 
parameters  ai  and  need  to  be  defined  accordingly.  Eirst,  let  us  consider  the  parameter  ai. 
Erom  Eq.  (2.5),  the  parameter  a*  depends  on  the  channel  state  probabilities  and  the  average 
time  duration  of  each  state.  Using  the  channel  state  probabilities  derived  in  Eqs.  (6.29),  (6.31), 
and  (6.33),  and  denoting  the  average  time  duration  of  each  state  by  cr,  and  the 
expression  for  the  average  step  size  ai  is  now  given  by 


t 


s  uns 

Pi 


suc^suc 


+  ir>; 


Vi  G  U. 


(6.35) 


As  before,  the  value  of  the  slot  size  a  is  fixed  and  defined  by  fhe  IEEE  802.1 1  sfan- 
dard  [64],  and  if  will  depend  on  fhe  physical  layer  of  choice  (direcf  sequence  spread  specfrum 
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(DSSS)  or  frequency-hoping  spread  spectrum  (FHSS)).  For  the  case  of  the  average  time 
the  channel  is  perceived  busy  due  to  an  unsuccessful  handshake,  we  need  to  look  at  the  reasons 
why  the  handshake  may  fail.  A  handshake  will  fail  if  any  of  the  four  events  happen: 

1.  The  RTS  is  not  successfully  received  at  the  intended  receiver; 

2.  The  RTS  is  successfully  received,  but  the  CTS  is  not; 

3.  Both  RTS  and  CTS  are  received  successfully,  but  the  DATA  frame  is  not; 

4.  The  RTS,  CTS,  and  DATA  frames  are  received  successfully,  but  the  ACK  is  not. 

Each  of  the  four  events  listed  above  lead  to  different  durations  of  the  time  intervals 
in  which  the  channel  can  be  perceived  busy  from  the  standpoint  of  a  node  in  carrier  sense 
mode.  For  example,  in  the  first  case,  if  a  transmitted  RTS  is  not  successfully  received  by  its 
intended  receiver,  none  of  the  subsequent  frames  following  the  RTS  in  the  four-way  handshake 
mechanism  will  be  sent  over  the  channel.  Consequently,  the  time  the  channel  is  perceived  busy 
by  other  nodes  will  be  shorter  than  the  time  the  channel  is  perceived  busy  when,  for  example, 
an  RTS,  CTS,  and  DATA  frames  are  sent  successfully  over  the  channel  (Case  4).  In  each  case, 
the  time  duration  depends  on  which  frames  were  transmitted  over  the  channel,  the  incurred 
propagation  delays,  and  the  extra  time  intervals  specified  by  fhe  sfandard,  like  fhe  IFS  and 
DIFS  lime  infervals  mentioned  in  Chapter  2. 

When  physical  layer  aspecls  are  laken  info  accounl,  we  need  lo  consider  anolher 
lime  interval  specified  by  fhe  sfandard:  fhe  extended  interframe  space  (EIFS)  [64].  The  EIES 
should  be  used  whenever  fhe  PHY  indicates  lo  fhe  MAC  lhal  a  frame  Iransmission  was  begun 
lhal  did  nof  resull  in  fhe  correcl  reception  of  a  complete  MAC  frame  wilh  a  correcl  ECS  value. 
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The  EIFS  interval  should  begin  following  indieation  by  the  PHY  that  the  medium  is  idle  after 


deteetion  of  the  erroneous  frame,  without  regard  to  the  virtual  earner-sense  meehanism.  The 
EIFS  is  defined  to  provide  enough  time  for  another  node  to  aeknowledge  what  was,  to  this 
node,  an  ineorreetly  reeeived  frame  before  this  node  eommenees  transmission.  The  duration 
of  an  EIFS  is  defined  as 

EIFS  =  SIFS  +  ACK  +  PreambleFength  +  PFCPHeaderFength  +  DIFS ,  (6.36) 

where  the  term  (ACK  -i-  PreambleFength  -i-  PFCPHeaderFength)  is  expressed  in  mieroseeonds 
required  to  transmit  at  the  PHY’s  lowest  mandatory  rate.  In  other  words,  during  baekoff,  if 
the  node  eannot  sueeessfully  deteet  the  MAC  frame  being  transmitted  over  the  ehannel,  and, 
as  a  result,  it  is  unable  to  set  up  its  network  alloeation  veetor  (NAV)  appropriately  (or  respond 
to  the  MAC  frame  in  ease  it  is  the  target  reeeiver),  then,  onee  the  ehannel  is  deteeted  to  be  idle 
again,  the  node  does  not  wait  for  a  DIFS  interval  before  resuming  its  baekoff  time  eounter. 
Instead,  it  will  wait  for  an  EIFS  time  interval. 

Ideally,  we  should  distinguish  in  our  analytieal  model  the  eases  when  a  node  in 
earner  sense  mode  eorreetly  deteets  a  MAC  frame  from  the  eases  when  it  does  not.  But, 
eonsidering  that  (a)  the  probability  of  deteeting  an  unsueeessful  transmission  over  the 
ehannel  is  an  approximation  to  a  probability  that  eneompasses  many  other  possible  events 
(Eq.  (6.33));  and  that  (b)  frame  errors  will  happen  due  to  ehannel  impairments  and  multiple 
aeeess  interferenee,  then,  we  will  assume  that  the  likelihood  with  whieh  nodes  will  be  able 
to  eorreetly  deteet  the  MAC  frames  being  transmitted  over  the  ehannel  (while  in  earner  sense 
mode)  will  be  low.  Consequently,  in  the  long  run,  nodes  will  mostly  need  to  apply  the  EIFS 
interval  as  soon  as  the  ehannel  is  deteeted  idle  and  before  resuming  their  baekoff  time  eounter. 
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Given  this  assumption,  if  we  let  and  denote  the  time  durations  eorresponding 

to  the  four  events  listed  above,  we  will  have  that 

=  RTS  +  5  +  EIFS  (6.37) 

ps  ^  RTS  ^  j  ^  SIFS  +  CTS  +  (5  +  EIFS,  (6.38) 

t'dat  =  RTS  +  5  +  SIFS  +  CTS  +  S  +  SIFS  +  DATA  +  5  +  EIFS  (6.39) 

^'ack  ^  RTS  +  5  +  SIFS  +  CTS  +  S  +  SIFS  +  DATA  +  5  +  SIFS  +  ACK  +  6  +  EIFS. 

(6.40) 

Now,  if  and  q^^  denote  the  probabilities  that  eaeh  node  k  ^  Si  has  an 

unsueeessful  handshake  due  to  any  of  the  four  events  listed  above,  and  q^^,,  q^^,  and  q^^'^ 
denote  the  probabilities  that  node  i  ^  V  pereeives  eaeh  of  these  four  events  happening  over 
the  ehannel,  then,  over  all  nodes  k  ^  Si,  we  have 

k&Si 

^Si  =  (6.42) 

keSi 

= E  (6.43) 

keSi 

<it  =  E  (6.44) 

keSi 

where  the  eomputation  of  the  individual  probabilities  q‘j^^,  q^^^,  and  q^^  should  follow 
the  same  developments  as  for  the  eomputation  of  the  sueeessful  handshake  probability  qu  in 
Seetion  5.6.  Henee,  the  average  time  the  ehannel  is  pereeived  busy  by  a  node  i  G  V  due 
to  an  unsuccessful  handshake  over  the  ehannel  (in  Eq.  (6.35))  is  finally  given  by 

^uns  ^  ^'rts -rts  T  £cts  ~cts  ^  ^'data -data  ^  ^'ack -data^  (.^  45^ 
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Finally,  for  the  average  time  the  ehannel  is  pereeived  busy  due  to  a  successful 
handshake,  we  have 

tsuc  ^  ^  3JP3  ^  ^  ^  CT3  ^  3JP3  +  ^  +  H  +  E{P}  +  SIFS  +  <5+ 

+  ACK  +  (5  +  EIFS,  (6.46) 

where  H  and  E{P}  are  the  time  to  transmit  the  data  frame  header  and  an  average  payload 
size,  respeetively.  Notiee  that  is  equal  to  in  Eq.  (6.40)  beeause,  although  the  ACK 
may  not  be  reeeived  eorreetly,  the  time  the  ehannel  is  busy  is  basieally  the  same. 

To  finish  the  eomputation  of  the  baekoff  time  in  Eq.  (6.34),  we  need  to  eompute  the 
average  time  a  node  i  G  V  spends  in  eollision  resolution,  as  indieated  in  Eq.  (6.34).  In 
the  standard,  this  means  that  a  CTS  is  not  reeeived  within  a  CTS  _Timeout  interval  or  an  ACK 
is  not  reeeived  baek  within  an  ACK_Timeout  interval.  The  length  of  these  intervals,  however, 
are  not  speeified  by  the  standard.  Usually,  sueh  intervals  are  assumed  to  be  equal  to  the  time 
it  lasts  to  reeeive  the  CTS  (ACK)  baek  after  an  RTS  (DATA)  is  transmitted.  Beeause  the  CTS 
and  ACK  frames  have  the  same  length  in  bytes,  and  they  are  transmitted  with  the  same  basie 
data  rate,  we  define^ 

CTS.Timeout  =  ACK.Timeout  =  SIES  +  ACK  +  25.  (6.47) 

Einally,  from  the  model  in  Seetion  6.1,  the  time  spent  in  eollision  resolution  depends 
on  whether  the  failed  handshake  happened  within  a  CTS  timeout  or  an  ACK  timeout.  In  the 
ease  the  handshake  failed  within  a  CTS  timeout,  the  time  spent  on  eollision  resolution  is  going 
to  be  equal  to  the  CTS  .Timeout  value.  Otherwise,  it  means  that  an  RTS/CTS  handshake  was 

^Simulators  such  as  Qualnet  and  NS-2  use  these  same  values. 
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successful,  but  the  subsequent  DATA/ACK  handshake  not.  Therefore,  by  the  time  the  node 


realizes  that  the  DATA/ACK  portion  of  the  handshake  failed,  it  has  already  spent  the  time  on 
the  first  RTS/CTS  handshake  completion.  Therefore,  we  time  spent  on  collision  resolution  is 
conditioned  on  the  reason  for  the  failed  handshake.  In  other  words,  by  defining 
as  the  time  spent  on  collision  resolution  given  that  the  handshake  failed  during  the  RTS/CTS 
portion  of  the  handshake,  and  the  time  spent  on  collision  resolution  given  that 

the  handshake  failed  during  the  DATA/ACK  portion  of  the  handshake,  we  have 

tT"\rts/cts  =  RTS  +  CTS.Timeout  (6.48) 

t7"\dat/ack  =  RTS  +  5  +  SIFS  +  CTS  +  (5  +  SIFS  +  H  +  E{P}  +  ACK.Timeout.  (6.49) 

From  Section  6.1,  the  probability  that  a  failed  RTS/CTS  handshake  occurs  at  the 
end  of  a  backoff  stage  is  given  by  pi,  Vi  G  V,  whereas  the  probability  that  a  failed  DATA/ACK 
handshake  fails  is  given  by  dj,  Vi  G  V.  Hence,  the  average  time  a  node  i  G  C  spends  in 
collision  resolution  is  given  by 

=  PitT"\rts/cts  +  (1  -  Pi)difi''"\dat/ack,  Vi  G  V,  (6.50) 

and  the  average  backoff  time  in  Eq.  (6.34)  can  be  finally  compufed  for  every  node  i  G  H. 

6.3.3  Average  Service  Time 

Given  fhe  characferizafion  of  fhe  average  backoff  fime  T of  each  node  i 
we  can  proceed  wifh  fhe  compufafion  of  fhe  average  lime  if  lakes  for  a  node  lo  serve 
dala  frames.  By  “average  lime  lo  serve  dala  frames”  we  refer  lo  Ihe  average  lime  interval 
lhal  iniliales  al  Ihe  momenl  a  dala  frame  is  laken  from  Ihe  head  of  Ihe  oulpul  queue  lo  Ihe 
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moment  the  node  deeides  that  either  the  frame  has  been  sueeessfully  transmitted  or  needs  to 


be  dropped  after  exeeeding  the  maximum  number  of  retransmissions  (aeeording  to  the  IEEE 
802.11  DCE  MAC).  Notiee  that,  in  Chapter  2,  nodes  were  allowed  to  baekoff  infinitely  in 
time.  Consequently,  data  frames  were  assumed  to  be  always  transmitted  sueeessfully  and, 
eonsequently,  never  dropped.  Eater,  in  Chapter  4,  we  introdueed  the  finite-retry  limit  on  the 
number  of  retransmissions  into  the  analytieal  model.  But,  beeause  of  the  assumption  of  perfeet 
ehannel  eonditions,  we  restrieted  the  impaet  of  the  finite-retry  limit  to  the  eomputation  of  the 
average  baekoff  time  only.  Nevertheless,  if  physieal  layer  aspeets  and  network  topology  are 
taken  into  aeeount,  the  eomputation  of  the  average  serviee  time  needs  to  be  addressed  more 
earefully. 

Beeause  eaeh  data  frame  is  going  to  be  either  sueeessfully  transmitted  or  dropped, 
a  key  information  to  the  eomputation  of  the  average  serviee  time  is  the  probability 
that  a  data  frame  is  dropped  (discarded).  To  eompute  this  probability,  we  first  note  that  the 
probability  qi  that  a  node  f  G  C  performs  a  sueeessful  handshake  at  the  end  of  a  baekoff  stage 
is  given  by  Eq.  (6.32).  Erom  the  independenee  assumption  adopted  in  Seetion  6.1  regarding 
the  probability  of  sueeessful  handshake  among  baekoff  stages,  and  eonsidering  that  eaeh  data 
frame  is  entitled  to  a  maximum  number  M  of  retransmissions,  then,  the  probability  that  a  data 
frame  is  dropped  is  simply  given  by 

pf'°P  =  (1  -  qrtsqdat)^"^^ ,  Vi  G  1/,  (6.51) 

where  the  power  of  M  -|-  1  stands  for  the  (M  -|-  l)-th  attempt  to  transmit  the  data  frame 
at  the  end  of  the  M-th  baekoff  stage  (the  eounting  of  baekoff  stages  starts  at  zero,  and  we 
need  to  eount  the  first  transmission  attempt  before  the  node  starts  making  retransmissions  (see 
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Figure  6.1)). 


If  the  data  frame  is  dropped,  it  means  that  it  has  already  been  retransmitted  M  times. 
Therefore,  if  a  data  frame  goes  through  all  M  +  1  baekoff  stages,  the  average  time  T Si  {M) 

spent  in  baekoff  is  given  by  Eq.  (2.9),  whieh  we  repeat  here  for  eonvenienee: 

M 

TBAM)  =  Y,T%+Mtr,  (6.52) 

k=0 


_ ^ 

where  T^.  =  ai{Wk  —  l)/2  is  the  average  time  spent  in  baekoff  stage  A:,  as  introdueed 
in  Eq.  (2.5),  and  is  the  average  time  the  node  i  ^  V  spends  in  eollision  resolution,  as 
eomputed  in  Eq.  (6.50)  (note  that  baekoff  stages  are  numbered  starting  from  zero  in  order  to 
agree  with  the  notation  adopted  in  the  Markov  model).  But,  beeause 

[  2^VFmin  if  0  <  A:  <  m 


Wk 


2™VFmin  ifm  <  k  <  M, 


(6.53) 


we  have 
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k=0  k=0  k=m  k=0 
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a 


=  -  [2™(M  -  m  +  2)  -  1]  -  M  -  1}  . 


(6.54) 


Consequently,  the  average  time  T 5.  (M)  spent  in  baekoff  until  the  end  of  the  M-th 
baekoff  stage  is  given  by 


_  rv 

Tb,{M)  =  -  [2^{M  -  m  +  2)  -  1]  -  M  -  1}  +  (6.55) 

To  eomplete  the  eomputation  of  the  average  serviee  time  spent  when  a  data  frame 
is  dropped,  we  need  to  take  into  aeeount  the  final  four-way  handshake  attempt  at  the  end  of 
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the  M-th  backoff  stage.  But,  because  this  four-way  handshake  fails,  the  average  time  spent  is 

— dvox) 

given  by  in  Eq.  (6.50).  Hence,  the  average  service  time  spent  when  a  data  frame  is 
dropped  is  given  by 

=  (6.56) 

On  the  other  hand,  if  the  data  frame  is  transmitted  successfully,  it  means  that  the 
successful  transmission  happens  in  any  of  the  M  +  1  transmission  attempts.  In  this  case,  the 
average  time  spent  in  backoff  is  given  by  Eq.  (6.34).  But,  again,  the  expression  in  Eq.  (6.34) 
does  not  include  the  average  time  spent  on  the  last  four-way  handshake  attempt,  in  which  case 
the  data  frame  is  successful,  i.e.,  the  total  time  spent  in  the  successful  four-way  handshake  at 

- 4-WBy 

the  end  of  the  backoff  stage.  If  Tj  denotes  the  average  time  spent  on  a  successful  four-way 
handshake,  than  will  be  given  by 

^4-way  ^  +  cxs  +  ET  +  E{P}  +  ACK  +  3  X  SIES  +  4  x  <5.  (6.57) 

Therefore,  the  average  service  time  spent  when  a  data  frame  is  successfully 
transmitted  by  a  node  i  G  1/  is  given  by 

rf  ^  =  Ts.  +  Tf  yiev.  (6.58) 

Einally,  given  that  a  data  frame  is  dropped  with  probability  pf'°^ ,  and  it  is  transmit¬ 
ted  successfully  with  probability  1  —  ,  the  average  service  time  observed  at  each 

node  i  G  H  will  be  given  by 

y^serv  =  (^1  _  pdrop'^  +  pdrop  T^drop ^  ^ 
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6.3.4  Average  Time  Between  Successful  Data  Frame  Transmissions 

Previously,  we  have  computed  the  average  time  a  node  spends  dealing  with  each 
data  frame,  i.e.,  the  average  service  time.  But,  because  data  frames  can  be  dropped,  an  im¬ 
portant  performance  metric  of  interest  is  the  average  time  between  the  completion  of  two 
successful  data  frame  transmissions.  It  is  expected  that  a  random  number  of  data  frames  are 
dropped  right  after  completion  of  a  successful  four-way  handshake  and  before  the  occurrence 
of  the  next  successful  data  frame  transmission. 

Therefore,  it  is  important  to  characterize  the  probability  distribution  of  the  number 
of  dropped  data  frames  between  two  consecutive  successful  data  frame  transmissions.  Let  D 
be  a  random  variable  that  indicates  the  number  of  dropped  data  frames  right  after  completion 
of  a  successful  four-way  handshake  and  before  the  occurrence  of  the  next  successful  data 
frame  transmission.  As  a  consequence  of  the  independence  assumption  on  the  successful 
handshake  between  backoff  stages,  we  have  that  the  probability  that  a  given  data  frame  is 
dropped  is  independent  of  the  event  that  any  previous  data  frames  were  dropped,  which  is 
equal  to  in  Eq.  (6.51)  for  a  node  i  ^  V .  Consequently,  D  is  geometrically  distributed 
with  parameter  .  So,  after  completion  of  a  successful  four-way  handshake,  D  frames 
will  be  dropped  before  a  successful  data  frame  transmission  occurs.  The  average  service  time 

— dvoT) 

for  each  of  the  D  drops  is  equal  to  Tj  .  After  the  D  frame  are  dropped,  node  i  succeeds 
in  transmitting  a  data  frame,  which  has  an  average  service  time  equal  to  Consequently, 
the  average  time  T *  between  the  completion  of  two  successful  data  frame  transmissions  from 
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node  i  £V  will  be  given  by 


Ti  =  ^  +  d  Ti^j  P{D  =  d}  =  Y^  Tf'^PlD  =  d}  +  Y,d  Tf°^P{D  =  d} 

d=0 


d=0 


rrEKV  (1-K 


d=0 
drop 


(6.60) 


d=0 

whieh  leads  to 


d=0 


drop 

r,  =  Tr+  ViGF. 


l-p, 


(6.61) 


6.3.5  Average  Data  Service  Rate 


Onee  the  average  serviee  time  is  known,  we  ean  eompute  the  average  rate  at  whieh 
useful  data  is  served  by  a  node  i  ^  V.  This  performanee  metrie  indieates  how  mueh  useful 
data  is  served/proeessed  per  unit  of  time  by  a  speeifie  node  in  the  network.  For  eomputation 
of  this  performanee  metrie,  we  first  observe  that  we  are  dealing  with  saturated  networks,  i.e., 
networks  in  whieh  all  nodes  have  always  a  data  frame  ready  for  transmission  at  the  head  of 
their  output  queues.  Consequently,  the  average  data  service  rate  Gi  will  be  given  by  the  ratio 
of  the  average  data  payload  size  Pi  =  E{Pi}  that  node  i  transmits  to  the  average  serviee  time 

— sorv 

Tj  per  data  frame,  given  by  Eq.  (6.59).  In  other  words. 


G,  = 


Pi 


drop\  Tissue  drop  Tfidrop  ’ 
\1-Pi  +p,  ^T, 


Vi  G  C. 


(6.62) 


6.3.6  Average  Throughput 


Finally,  we  eompute  the  average  throughput  of  eaeh  node  i  £V,  whieh  is  simply  the 
average  amount  of  useful  data  that  node  i  transmits  sueeessfully  per  unit  of  time.  As  before, 
we  start  from  noticing  that  we  are  dealing  with  saturated  networks.  Therefore,  the  average 
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throughput  Si  of  each  node  i  £  V  will  be  given  by  the  ratio  of  the  average  data  payload  size 
Pi  that  node  i  transmits,  to  the  the  average  time  T i  between  completion  of  two  successful  data 
frame  transmissions,  given  by  Eq.  (6.61).  Consequently, 


Si  = 


Pi 


TpSUC 

i  ' 


pT°^  \  If  drop 

l_piirop  j  d  i 


Vi  gV. 


(6.63) 


As  a  final  note,  we  can  obtain  a  relationship  between  the  average  data  service  rate 
Gi  and  the  average  throughput  Si.  From  Eqs.  (6.62)  and  (6.63),  it  is  easy  to  show  that 


ViGV, 


(6.64) 


i.e.,  as  expected,  the  average  throughput  Si  is  simply  the  fraction  of  the  average  data  service 
rate  Gi  corresponding  to  successful  data  frame  transmissions. 


6.4  Model  Validation 

In  this  section,  we  evaluate  the  accuracy  of  our  analytical  model  in  predicting  the 
performance  of  nodes  in  multihop  ad  hoc  networks  that  operate  according  to  the  IEEE  802.1 1 
standard.  We  focus  on  ad  hoc  networks  with  static  topologies  under  traffic  safurafion.  Numer¬ 
ical  resulfs  derived  from  fhe  analytical  model  are  compared  wifh  discrefe-evenf  simulafions 
using  fhe  Qualnef  Simulator  v3.5  [105]. 

6.4.1  Scenarios  Used  for  Comparison 

Radio  Channel  Model 

For  fhe  purposes  of  validation  of  our  modeling  framework,  we  consider  a  radio 
channel  model  wifh  large-scale  pafh  loss  propagafion  effecls  only.  The  pafh  loss  propagafion 
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model  we  ehoose  is  the  two-ray  ground  refleetion  model  [111].  We  choose  a  simpler  channel 


model  in  order  to  focus  on  the  model’s  ability  to  faithfully  represent  interdependencies  among 
the  nodes  and  the  per-node  performance  metrics.  Nonetheless,  as  discussed  in  Section  5.3.1, 
other  signal  propagation  effects  such  as  shadowing  and  small-scale  multipath  fading  may  be 
equally  taken  into  consideration  when  computing  the  conditional  probabilities  /(c[^)  of  a 
successful  frame  reception.  In  Chapter  8,  we  study  the  impact  of  small-scale  multipath  fading 
channels  on  the  performance  of  multihop  ad  hoc  networks. 

IEEE  802.11  Parameters 

Regarding  the  IEEE  802.11  PHY  layer,  we  use  direct  sequence  spread  spectrum 
(DSSS)  with  a  raw  bit  rate  of  1  Mbps  with  DBPSK  modulation.  Under  this  configuration, 
according  to  the  standard,  both  preamble  and  MAC  protocol  data  unit  (MPDU)  are  transmitted 
at  the  same  basic  rate,  under  the  same  modulation  scheme  [64] .  Without  loss  of  generality, 
this  is  done  just  to  ease  the  analysis  and  to  avoid  adding  more  complexity  into  the  analytical 
model  by  treating  each  segment  separately,  with  different  modulation  schemes. 

Each  node  has  the  same  transmit  power  and,  for  the  given  path  loss  propagation 
model,  we  select  receive  and  carrier  sensing  thresholds  in  a  way  that  the  radio  range  is  set 
to  200  m  and  carrier  sensing  range  is  set  to  400  m.  Table  7.5.1  summarizes  the  rest  of  the 
parameters  used  for  PHY  and  MAC  layers. 

As  in  Qualnet,  we  treat  bit  errors  independently.  Hence,  if  we  let  7(cj'^)  denote  the 
SINR  at  node  r  during  reception  of  a  bit  that  was  transmitted  by  node  i,  and  for  which  the 
combination  of  active  interferers  is  (as  defined  in  Secfion  5.3.1),  fhen,  if  K  is  fhe  lengfh 
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Table  6.1:  IEEE  802.11  Simulation  Parameters. 


MAC 

PHY 

W 

mm 

256 

Temperafure  (Kelvin) 

290 

w 

max 

1024 

Noise  factor 

10 

MAC  Header  (byfes) 

34 

Transmission  power  (dBm) 

10 

ACK  (byfes) 

38 

Sensifiviy  of  PHY  (dBm) 

-87.039 

CTS  (byfes) 

38 

Minimum  power  for 

RTS  (byfes) 

44 

received  packef  (dBm) 

-76.067 

Slol  Time  (/usec) 

20 

Packef  receplion  model 

BER 

SIPS  ()usec) 

10 

DIPS  (//sec) 

50 

of  the  physical  layer  convergence  protocol  data  unit  (PPDU)  defined  by  the  IEEE  802.11 
standard,  and  A (7)  is  the  bit-error  probability  of  DBPSK  for  a  certain  SINR  level  7,  the 
conditional  probability  /(c[^)  of  a  successful  frame  reception  (as  used  in  Section  (5.3.1))  will 
be  given  by 


/(4)  =  {l-n[7«»)l)''’.  (6.65) 


Simulation  Setup 

Because  of  the  selected  radio  range,  nodes  are  randomly  placed  in  an  area  of  1000  x 
1000  m,  a  size  big  enough  to  deploy  a  multihop  network.  The  only  constraint  imposed  is  that 
the  resulting  graph  is  connected.  This  constraint  is  added  simply  to  make  sure  that  all  nodes 
have  at  least  one  neighbor,  and  that  considerable  channel  contention  and  hidden-terminal  ef¬ 
fects  are  present  in  the  scenarios. 

In  simulations,  each  node  chooses  the  same  neighbor  node  (i.e.,  a  node  within  its 
transmission  range)  for  all  its  transmissions  using  the  same  CBR  source  rate.  We  pick  source 
rates  high  enough  to  saturate  all  nodes  in  the  network.  Packet  sizes  are  fixed  fo  1500  byfes 
(IP  packef)  and  each  simulation  run  corresponds  fo  5  minufes  of  dafa  Iraffic.  We  repeal  Ihe 
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experiment  for  50  seeds,  with  each  trial  corresponding  to  a  different  initial  transmission  times 
at  each  node.  Initial  transmission  times  are  randomly  chosen  within  the  interval  [0,  0.01]  s. 
This  is  done  to  allow  the  exponential  backoff  algorithm  to  be  triggered  at  different  instants 
in  time,  at  each  node,  so  that  different  state  evolutions  are  taken  into  account  for  the  same 
topology. 

6.4.2  Accuracy  of  Models 

Two  aspects  of  interest  in  our  modeling  approach  are  scalability  and  per-node  per¬ 
formance.  To  illustrate  such  aspects,  let  us  consider  two  network  topologies:  one  with  50 
nodes  and  another  with  100  nodes.  Figures  6.7  and  6.8  show  their  respective  topologies.  In 
the  figures,  the  numbers  inside  the  areas  indicate  the  node  ID.  To  provide  an  idea  of  the  density 
of  nodes  in  each  topology,  a  line  between  two  nodes  indicates  that  they  are  within  200  meters 
of  one  another.  As  it  can  be  observed,  the  created  topologies  provide  both  highly-dense  as 
well  as  poorly-connected  areas.  Needless  to  say,  interference  at  a  given  receiver  in  the  analyt¬ 
ical  model  and  simulations  is  not  confined  fo  only  fhose  sources  shown  direcfly  “connecfed” 
in  fhe  figures. 

Figure  6.9  shows  fhe  simulafion  and  analyfical  resulfs  for  fhe  50-node  nefwork. 
Figure  6.10  shows  fhe  resulfs  for  fhe  100-node  nefwork.  In  fhe  graphs,  fhe  x  axis  confains 
fhe  node  ID,  and  fhe  y  axis  shows  fhe  respecfive  fhroughpuf.  As  if  can  be  seen,  fhe  predicfed 
performance  correlafes  very  well  wifh  practically  every  node  in  fhe  fopology  (in  some  cases, 
providing  very  close  resulfs).  In  fhe  cases  where  fhe  model  is  off  by  some  factor,  fhe  predicfed 
performance  follows  fhe  observed  paffem  in  fhe  majorify  of  fhe  cases. 
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Figure  6.8:  Network  topology  for  the  100-node  network. 
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Throughput  (Kbit/s)  Throughput  (Kbit/s) 


Figure  6.9;  Throughput:  simulations  versus  analytical  model  for  the  50-node  network. 


Node  ID 


Figure  6.10;  Throughput:  simulations  versus  analytical  model  for  the  100-node  network. 
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A  more  statistically  significant  result  is  obtained  if  we  evaluate  the  performance  of 


our  modeling  approach  over  a  number  of  different  topologies.  For  this  purpose,  we  considered 
10  network  topologies  with  100  nodes  each,  all  randomly  generated  as  before.  The  topologies 
used  for  computating  the  histogram  were  similar  to  that  shown  in  Figure  6.8.  We  compute  the 
percentage  prediction  error  with  respect  to  the  maximum  range  of  throughput  values  observed 
in  simulations  (for  that  particular  topology)  for  each  node  in  each  randomly  generated  topol¬ 
ogy.  This  way,  we  weigh  the  prediction  error  with  respect  to  the  dynamic  range  of  throughput 
values  obtained  in  simulations.  We  obtained  a  histogram  for  each  topology  by  counting  the 
number  of  nodes  within  a  certain  percentage  prediction  error,  and  we  then  averaged  the  his¬ 
tograms  over  all  topologies.  Figure  6.11  shows  our  results.  As  we  can  see,  the  percentage 
prediction  error  is  within  20%  in  93.5%  of  the  nodes,  showing  how  close  our  analytical  model 
is  in  predicting  the  results  obtained  in  discrete-event  simulations. 


Percentage  Error 

Figure  6.11:  Percentage  error  prediction  histogram  over  10  random  topologies. 
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Another  important  performance  metric  we  can  use  to  evaluate  the  accuracy  of  our 


analytical  model  in  predicting  the  results  obtained  via  discrete-event  simulations  with  respect 
to  per-node  performance  is  the  normalized  mean  squared  prediction  error  (NMSPE).  The 
NMSPE  is  defined  as  the  ratio  of  the  mean  squared  prediction  error  to  the  variance  of  the 
original  data  we  want  to  predict.  More  specifically,  if  denofes  fhe  sef  of  n  values  of 

dafa  we  wanf  fo  predicf,  wifh  a  sample  mean  value  of  X  =  ^  Yl'i=i  {Xi]'^^^  is  fheir 

corresponding  predicfed  values,  fhen,  fhe  NMSPE  is  given  by 


NMSPE  = 


T.U{x^-x\ 


(6.66) 


The  main  advanfage  of  fhe  NMSPE  is  fhaf  if  indicafes  how  good  fhe  individual 
predicfions  are  compared  fo  fhe  case  where  fhe  besf  predicfion  we  can  make  abouf  each  dafa 
value  is  equal  fo  fhe  average  of  fhe  original  dafa.  In  ofher  words,  if  Xi  =  X  for  i  =  1, ...  ,n, 
in  Eq.  (6.66),  we  have  NMSPE  =  1.  Hence,  fhe  relafive  amounf  by  which  fhe  mean  squared 
predicfion  error  is  less  fhan  fhe  variance  of  fhe  original  dafa  reflecfs  how  much  beffer  we  are 
from  predicfing  fhe  dafa  by  jusf  fheir  mean  value.  In  fhe  jargon  of  linear  regression  models,  if 
is  fhe  fraclion  of  fhe  variance  fhaf  is  explained  by  the  model. 

Eigure  6.12  shows  fhe  NMSPE  computed  for  each  of  fhe  10  topologies  wifh  100 
nodes  fhaf  we  used  before.  As  we  can  see,  fhe  analyfical  model  performs  quife  well.  The  NM¬ 
SPE  is  abouf  0.4  across  all  fopologies  investigated,  which  means  fhaf  our  predictions  are  60% 
better  fhan  if  we  had  predicfed  each  node’s  fhroughpuf  as  equal  fo  fhe  average  of  fhe  simulation 
dafa.  Incidenfally,  if  is  imporfanf  fo  menfion  fhaf,  so  far  in  fhe  liferafure,  no  ofher  analyfical 
model  has  ever  affempled  fo  predicf  individual  fhroughpuf  values.  To  date,  all  proposed  ana- 
lyfical  models  have  only  affempled  fo  predicf  fhe  average  fhroughpuf.  Consequenlly,  if  means 
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that  we  are,  already,  60%  better  than  any  other  analytical  model  that  predicts  each  node’s 


throughput  only  by  the  average  throughput  of  the  IEEE  802.11  ad  hoc  networks  examined 
before. 
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Figure  6.12:  Normalized  mean  squared  prediction  error  for  10  topologies  with  100  nodes  each. 


Finally,  we  show  the  applieation  of  our  model  in  predieting  the  average  through¬ 
put  for  a  given  network  topology.  Figure  6.13  shows  the  eomparison  between  the  average 
throughput  obtained  in  both  simulations  and  analytieal  model.  As  we  ean  see,  the  analytieal 
model  provides  very  aeeurate  results  eompared  to  simulation  results. 


6.4.3  Modeling  Time 

The  importanee  of  the  above  results  and  the  strength  of  our  analytieal  model  beeome 
apparent  when  we  analyze  the  time  required  to  obtain  the  above  results  through  simulation  and 
with  our  analytieal  model.  In  Qualnet,  each  run  of  the  simulation  for  the  100-node  seenario 
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Figure  6.13:  Average  network  throughput  of  10  topologies  with  100  nodes  each. 

(consisting  of  a  5-minute  data  traffic)  takes  about  1,118.4  seconds  (19.69  minutes)  in  a  Sun 
Blade  100  machine  running  Solaris  5.8.  For  the  50  seeds  needed,  this  corresponds  to  16.41 
hours  of  simulation.  In  this  same  machine,  our  analytical  model,  implemented  in  Matlab  6.0, 
takes  about  0.44  seconds.  This  corresponds  to  a  time  saving  of  more  than  134,000  times. 
Clearly,  this  is  a  strong  argument  supporting  the  case  for  the  need  of  powerful  analytical 
models  for  multihop  ad  hoc  networks,  such  as  the  one  we  are  providing  here. 


6.4.4  Model  Limitations 

Despite  the  striking  correlations  of  our  analytical  model  with  the  results  obtained  via 
simulations,  improvements  in  the  model  can  still  be  done,  especially  regarding  the  modeling 
of  the  IEEE  802.11  itself. 

As  explained  in  Section  6.1,  the  Markov  model  we  used  to  model  the  binary  ex- 
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ponential  backoff  operation  of  the  IEEE  802.11  DCE  MAC  has  a  small  simplification  with 


respect  to  the  original  specification.  Instead  of  considering  the  two  retry  counters  defined  by 
fhe  sfandard  (fhe  SERC  and  fhe  SSRC),  we  adopfed  a  single  refry  counfer,  fhe  RC,  fo  be  incre- 
menfed  whenever  an  RTS  or  DATA  frame  is  unsuccessfully  fransmiffed.  Such  simplificalion 
is  likely  fo  affecl  mosfly  fhe  performance  of  nodes  which  are  located  in  neighborhoods  under 
heavy  confenfion  and/or  nodes  fhaf  are  loo  dislanl  of  Iheir  inlended  receivers,  in  which  case 
fhe  frame  losses  lend  fo  be  more  frequenl,  reflecting  on  fhe  dynamics  of  fhe  prolocol  wilh 
respecl  fo  fhe  Iwo  refry  counters. 

In  fad,  relaled  fo  fhe  dynamics  of  fhe  prolocol  operation  is  fhe  issue  of  fairness  of 
fhe  IEEE  802.11  DCE  MAC.  As  if  is  well  known,  fhe  IEEE  802.11  DCE  MAC  tends  fo  favor 
fhe  nodes  lhal  have  Iasi  acquired  fhe  channel  wilh  respecl  fo  a  given  time  inslanf.  This  is 
because  fhe  nodes  lhal  succeeded  in  Iransmilling  Iheir  frames  reduce  Iheir  contention  window 
sizes,  while  Ihe  opposite  happens  lo  Ihe  nodes  lhal  failed  lo  access  Ihe  channel.  Consequenlly, 
a  biased  behavior  towards  Ihe  nodes  wilh  smaller  contention  window  sizes  slarl  happening: 
Ihey  have  higher  chances  to  find  Ihe  channel  free  lhan  Ihe  nodes  which  are  backing  off  under 
bigger  contention  window  sizes.  Therefore,  a  more  aggressive  behavior  is  observed  al  nodes 
wilh  smaller  contention  window  sizes,  which  can  oblain  higher  Ihroughpul  values  and  can 
cause  Ihe  “slarvalion”  of  Ihe  olher  competing  nodes.  Unfortunately,  Ihe  model  we  inlroduced 
for  Ihe  operation  of  Ihe  IEEE  802.1 1  DCE  MAC  does  nol  allempl  to  caplure  Ihe  impacl  of  Ihe 
fairness  problem.  Therefore,  a  more  accurate  model  of  Ihe  operation  of  Ihe  IEEE  802.1 1  DCE 
MAC  should  be  able  to  address  Ihese  issues. 
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6.5  Conclusions 


We  have  introdueed  a  novel  modeling  framework  for  MAC  protoeols  in  multihop  ad 
hoe  networks.  The  model  foeuses  on  the  interaetions  between  the  MAC  layer  and  any  layer(s) 
with  whieh  it  exehanges  information  (direetly  or  indireetly),  and  on  the  impaet  that  eaeh  node 
has  on  the  dynamies  of  every  other  node  in  the  network — all  eonveniently  eonveyed  through 
the  use  of  interference  matrices.  A  key  feature  of  the  model  is  that  nodes  ean  be  modeled 
individually,  i.e.,  it  allows  a  per-node  setup  of  many  layer-speeifie  parameters.  Moreover,  no 
spatial  probability  distribution  or  speeial  arrangement  of  nodes  is  assumed.  Instead,  it  allows 
the  eomputation  of  individual  (per-node)  performanee  metries  for  any  given  network  topology 
and  radio  ehannel  model.  To  show  the  applieability  of  the  modeling  framework,  we  modeled 
multihop  ad  hoe  networks  using  a  new  analytieal  model  for  the  IEEE  802. 1 1  DCE. 

Our  analytieal  model  eonstitutes  a  tool  for  a  fast,  aeeurate,  and  effieient  evaluation 
of  a  node’s  performanee  for  any  system  parameter  value  and  topology  of  an  ad  hoe  network. 
We  have  illustrated  this  using  the  IEEE  802.1 1  DCE  as  an  example.  Attempting  to  eharaeterize 
a  node’s  performanee  only  by  simulations  would  require  eonsiderable  eomputational  effort, 
speeially  when  sealability  is  one  of  the  main  eoneems.  To  be  able  to  draw  general  eonelusions, 
simulations  would  have  to  be  run  for  a  very  large  number  of  network  sizes  and  topologies. 
Eurthermore,  if  we  are  interested  in  evaluating  the  impaet  of  a  single  parameter  to  a  node’s 
serviee  time,  for  instanee,  simulations  would  have  to  be  repeated  for  eaeh  parameter  value  of 
interest. 

Our  model  was  validated  through  diserete  event  simulations  using  the  popular  Qual- 
net  tool,  and  the  analytieal  results  show  a  striking  eorrelation  with  the  results  obtained  via 
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simulation.  The  importance  of  the  analytical  model  is  that  the  time  needed  to  obtain  the  de¬ 
sired  results  takes  a  very  small  fraction  of  the  time  required  to  obtain  the  same  results  via 
discrete-event  simulations. 
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Chapter  7 


Modeling  Ad  Hoc  Networks  that 
Utilize  Directional  Antennas 


This  chapter  presents  the  first  analytical  modeling  of  wireless  ad  hoc  networks  that  considers 
the  impact  of  realistic  antenna-gain  patterns  on  network  performance.  As  such,  our  modeling 
approach  allows  the  study  of  ad  hoc  networks  in  which  nodes  are  equipped  with  directional 
antennas.  This  modeling  capability  stands  out  from  all  previous  analytical  models,  which  have 
only  dealt  with  omnidirectional  or  over-simplified  antenna  gain  patterns,  and  which  have  not 
addressed  the  specific  mechanisms  of  the  medium  access  control  (MAC)  protocols  used  (e.g., 
the  backoff  mechanism).  Our  numerical  results  show  that  our  analytical  model  predicts  the 
results  obtained  via  discrete-event  simulations  very  accurately,  and  does  it  with  a  processing 
time  that  is  orders  of  magnitude  faster  than  the  time  required  by  simulations.  Furthermore, 
we  show  that  the  simplistic  “pie  slices”  used  in  prior  analytical  models  for  antenna  patterns 
over-estimate  the  throughput  of  the  protocols  dramatically  compared  to  the  results  obtained 
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using  realistic  antenna  patterns. 


7.1  Introduction 

Directional  antennas  (antennas  that  are  able  to  transmit/receive  energy  over  intended 
directions)  have  a  number  of  advantages  over  omnidirectional  antennas,  i.e.,  antennas  that 
(ideally)  radiate  or  absorb  energy  equally  well  along  all  directions.  Among  these  advantages, 
directional  antennas  can  increase  the  signaling  range  without  spending  extra  power,  reduce 
intersymbol  interference  (ISI)  and  flat-fading  by  canceling  or  attenuating  interferences  from 
giving  directions,  and  suppress  interference  between  users.  In  particular,  directional  antennas 
can  increase  the  potential  for  spatial  reuse,  thereby  increasing  system  capacity. 

A  number  of  protocols  for  wireless  ad  hoc  networks  with  directional  antennas  have 
been  proposed,  mostly  on  the  medium  access  control  (MAC)  layer  (e.g.,  [74,75,86, 145]).  The 
vast  majority  of  the  performance-evaluation  work  on  MAC  protocols  that  exploit  directional 
antennas  has  used  discrete-event  simulations  to  model  protocol  behavior.  Only  a  few  works 
have  attempted  to  model  ad  hoc  networks  with  directional  antennas  analytically.  Section  8.2 
summarizes  this  prior  work,  which  has  been  very  limited  in  that  all  the  analytical  models  pro¬ 
posed  to  date  have  assumed  (a)  simplistic  ways  in  which  packets  are  offered  to  a  shared  chan¬ 
nel,  ignoring  the  specific  mechanisms  used  in  MAC  protocols  (e.g.,  backoff  mechanisms),  and 
(b)  the  use  of  over-simplified  antenna  gain  patterns,  like  the  “pie-slice”  and  “cone-plus-ball” 
antenna  models  [23, 131, 144, 146].  In  the  simplistic  antenna  models  used  to  date,  all  directions 
within  a  certain  angle  sector  have  constant  gain,  while  no  power  is  radiated/absorbed  along 
the  other  directions  (“pie-slice”),  or  a  lower  constant  gain  is  assumed  for  the  directions  outside 
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the  angle  seetor  to  represent  the  baek  and  side  lobes  of  the  antenna  pattern  (“eone-plus-ball”)- 


In  reality,  no  physieal  antenna  ean  provide  sueh  eonstant  gain  for  a  given  angle  seetor,  and  real 
antenna  patterns  are  far  more  eomplex  than  “pie-sliees”  or  “eone-plus-ball”  models.  In  faet, 
real  antenna  patterns  have  non-negligible  gains  in  all  direetions,  and  often  have  signifieant 
side  and  baek  lobes  that  ean  eontribute  eonsiderably  to  the  amount  of  pereeived  noise,  leading 
to  performanee  degradations  sueh  as  the  ones  observed  by  Ramanathan  et  al.  [96]  in  a  real- 
life  ad  hoe  network  testbed.  Consequently,  eonelusions  about  eapaeity  improvements  based 
on  sueh  over-simplified  antenna  models  (e.g.,  [144]  and  [95]),  may  not  neeessarily  refleet  the 
true  potentials  or  limitations  of  the  use  of  direetional  antennas  in  ad  hoe  networks. 

In  this  ehapter,  we  present  the  first  analytieal  modeling  of  wireless  ad  hoe  networks 
that  eonsiders  the  impaet  of  realistie  antenna  gain  patterns  on  network  performanee.  In  partie- 
ular,  we  foeus  on  the  modeling  of  wireless  ad  hoe  networks  with  direetional  antennas. 

Seetion  7.3  summarizes  the  operation  of  the  directional  virtual  carrier  sensing 
(DVCS)  protoeol  [114],  whieh  we  use  subsequently  to  show  the  aeeuraey  of  our  analytieal 
model  eompared  to  simulations.  Seetion  7.4  outlines  the  main  issues  that  arise  in  the  analytieal 
modeling  of  ad  hoe  networks  in  whieh  nodes  use  direetional  antennas.  Based  on  the  analytieal 
model  of  the  IEEE  802.1 1  developed  in  ehapter  6,  we  model  the  DVCS  protoeol  and  eompare 
its  aeeuraey  against  results  obtained  with  diserete-event  simulations  using  realistie  antenna 
patterns.  The  numerieal  results  presented  in  Seetion  7.5  indieate  that  our  analytieal  model 
prediets  simulation  results  very  aeeurately,  with  proeessing  times  that  are  orders  of  magnitude 
faster  than  simulations.  In  addition,  we  show  that  “pie-sliee”  models  of  antenna  patterns  are 
extremely  optimistie  regarding  the  benefits  of  direetional  antennas.  Beeause  simplified  an- 
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tenna  patterns  do  not  have  side  lobes,  average  throughputs  are  dramatieally  over-estimated. 


In  the  eases  we  modeled,  “pie-sliee”  patterns  renders  200%  higher  throughput  than  what  is 
obtained  using  realistie  antenna  patterns.  Seetion  8.5  summarizes  our  eonelusions. 

7.2  Related  Analytical  Work 

Most  of  the  work  in  ad  hoe  networks  with  direetional  antennas  has  used  diserete- 
event  simulations  to  model  protoeol  operation  and  evaluate  its  performanee  (e.g.,  [30,75]  and 
referenees  therein).  As  far  as  the  analytieal  modeling  is  eoneemed,  most  of  the  previous  work 
has  eoneentrated  on  single-hop  networks  [76, 103, 132, 133].  To  date,  very  few  attempts  have 
been  done  to  the  analytieal  modeling  of  multihop  ad  hoe  networks  with  direetional  anten¬ 
nas.  Chang  and  Chang  [23]  were  arguably  the  first  to  analyze  the  use  of  direetional  antennas 
in  slotted  ALOHA  and  non-persistent  CSMA.  Their  modeling  approaeh  elosely  follows  the 
formalism  used  by  Takagi  and  Kleinroek  [113],  in  whieh  nodes  are  spatially  loeated  aeeord- 
ing  to  a  two-dimensional  Poisson  distribution,  radio  links  are  error-free  (no  physieal  layer 
aspeets  whatsoever),  no  aeknowledgment  traffie  exists,  and  the  transmitters  have  “instanta¬ 
neous”  knowledge  of  sueeessful  reeeptions.  They  use  the  “pie-sliee”  antenna  gain  model 
for  the  direetional  antennas.  Later,  Zander  [146]  proposed  a  slightly  different  approaeh  to 
model  slotted  ALOHA,  with  the  same  antenna  model  and  spatial  distribution  assumptions, 
but  ineluded  a  propagation  model  and  treated  paeket  reeeptions  with  a  simple  threshold  model 
based  on  signal-to-noise  ratio  (SNR). 

Wang  and  Gareia-Luna-Aeeves  [131]  introdueed  the  modeling  of  eollision  avoid- 
anee  MAC  protoeols  with  direetional  antennas.  Based  on  the  IEEE  802.11  DCE  MAC,  they 
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modeled  and  analyzed  many  of  its  variants  with  respeet  to  the  direetional  transmission  of 
eontrol  and  data  paekets  eoupled  with  omnidireetional  or  direetional  reeeptions  (and  hybrid 
operations).  Their  modeling  approaeh  also  follows  the  work  by  Takagi  and  Kleinroek  [113] 
with  respeet  to  the  spatial  distribution  of  nodes  and  absenee  of  physieal  layer  aspeets,  and  the 
approaeh  of  Wu  and  Varshney  [139]  for  the  modeling  of  the  node  aetivity  with  a  Markov  ehain 
with  only  three  states.  The  limitations  of  this  effort  is  that  it  assumes  the  “pie-sliee”  antenna 
model,  and  that  transmission  probabilities  are  taken  from  a  “range  of  small  values”,  thereby 
disregarding  the  faet  that  transmission  probabilities  are  protoeol-dependent  (i.e.,  they  do  not 
eonsider  the  binary  exponential  baekoff  operation  of  the  IEEE  802. 1 1  and  sueh  parameters  as 
eontention  window  size  or  retry  limits). 

7.3  The  Directional  Virtual  Carrier  Sensing  (DVCS)  Protocol 

A  number  of  MAC  protoeols  for  ad  hoe  networks  with  direetional  antennas  have 
been  proposed  in  the  past  few  years.  In  many  eases,  however,  the  proposed  protoeols  have 
failed  to  provide  a  new  MAC  protoeol  in  its  striet  sense,  i.e.,  no  new  paradigms  or  meehanisms 
at  the  MAC  level  were  presented.  Instead,  they  have  essentially  investigated  how  direetional 
transmissions/reeeptions  of  eontrol/data  frames  impaet  network  performanee  under  a  given 
MAC  protoeol  originally  designed  to  work  with  omnidireetional  antennas  (e.g.,  IEEE  802.  II). 
Examples  of  sueh  proposals  inelude  [74],  [86],  [95],  and  [131].  Eew  works  have  tried  to 
propose  new  MAC-level  meehanisms  that  attempt  to  take  full  advantage  of  the  eapabilities 
provided  by  direetional  antennas.  One  of  the  first  sueh  attempts  was  the  directional  virtual 
carrier  sensing  protocol  (DVCS)  proposed  by  Takai  et  al.  [114]. 
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The  main  idea  behind  DVCS  is  to  allow  contention-based  MAC  protocols  to  de¬ 


termine  direction-specific  channel  availability.  For  that,  DVCS  uses  the  directional  network 
allocation  vector  (DNAV),  a  directional  version  of  the  network  allocation  vector  (NAV)  of 
the  IEEE  802.11,  which  contains  information  about  the  total  duration  of  a  transaction  that  is 
about  to  happen  over  the  channel.  During  this  time,  the  node  cannot  transmit  any  frame  to 
the  channel,  reserving  it  for  others  do  it.  In  DVCS,  the  DNAV  reserves  the  channel  for  others 
only  in  a  range  of  directions.  To  accomplish  this,  DVCS  requires  minimal  information  from 
the  underlying  physical  device,  such  as  the  angle  of  arrival  (AOA)  and  the  antenna  gain  for 
each  signal,  features  that  can  be  readily  available  at  the  physical  layer. 

Multiple  DNAV s  can  be  set  for  a  node,  and  each  DNAV  is  associated  with  a  direction 
and  a  width.  Every  node  using  DVCS  maintains  a  unique  timer  for  each  DNAV,  and  updates 
the  direction,  width,  and  expiration  time  of  each  DNAV  every  time  the  physical  layer  gives 
newer  information  on  the  corresponding  ongoing  transmission.  DVCS  determines  that  the 
channel  is  available  for  a  specific  direction  when  no  DNAV  covers  that  direction. 

In  DVCS,  each  node  caches  estimated  AOAs  from  neighboring  nodes  every  time 
it  hears  any  signal,  regardless  of  whether  the  signal  is  addressed  to  it.  If  a  node  has  data  to 
send,  it  first  checks  if  AOA  information  for  the  particular  neighbor  has  been  cached.  If  yes,  it 
beamforms  the  directional  antenna  towards  the  cached  AOA  direction  to  send  an  RTS  frame. 
Otherwise,  the  frame  is  transmitted  omnidirectionally.  Updates  are  done  every  time  the  node 
receives  a  newer  signal  from  the  neighbor,  and  it  invalidates  the  cache  if  it  fails  to  get  the  CTS 
back  from  the  neighbor  after  4  failed  directional  transmissions  of  RTS  frames.  Subsequent 
RTS  frames  are  sent  omnnidirectionally. 
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When  the  node  reeeives  an  RTS  frame  from  a  neighbor,  it  adapts  its  beam  pattern 


to  maximize  the  reeeived  power  and  loeks  the  pattern  for  the  CTS  transmission.  If  the  node 
transmitted  an  RTS  frame  to  a  neighbor,  it  loeks  the  beam  pattern  after  it  reeeives  the  CTS 
frame  from  the  neighbor.  The  beam  patterns  at  both  sides  are  used  for  both  transmission  and 
reeeption,  and  are  unloeked  after  the  ACK  frame  is  transmitted.  We  refer  the  reader  to  [114] 
for  more  details. 


7.4  Challenges  in  the  Modeling  of  Wireless  Ad  Hoc  Networks  with 
Directional  Antennas 

Many  issues  arise  in  the  modeling  the  behavior  of  an  ad  hoe  network  with  direetional 
antennas  aeeurately.  A  good  analytieal  model  should  be  able  to  ineorporate  the  impaet  of 
realistie  antenna-gain  patterns  under  speeifie  radio  ehannel  models,  whieh  has  never  been 
done  before,  as  well  as  inelude  the  intrieate  interaetions  between  the  MAC  layer — designed  to 
operate  with  direetional  antennas — and  the  many  aspeets  of  the  underlying  PHY  layer.  Most 
importantly,  the  model  should  eapture  eaeh  node’s  dynamies  resulting  from  its  interaetion 
with  every  other  node  in  the  network,  a  eore  phenomenon  within  a  wireless  ad  hoe  network. 

In  the  ease  of  an  ad  hoe  network  using  DVCS,  for  example,  one  needs  to  translate 
into  the  analytieal  model  how  the  DNAV  works,  and  whieh  events  at  the  PHY  layer  are  eritieal 
at  eaeh  step  of  the  protoeol  operation.  For  instanee,  during  a  node’s  earner  sensing  operation, 
only  signal  transmissions  pereeived  within  the  range  of  directions  of  the  target  reeeiver  ean 
interfere  with  the  node’s  baekoff  operation.  In  addition,  beeause  the  node  in  baekoff  switehes 
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to  omnidirectional  mode,  the  relative  antenna  gains  between  this  node  and  all  the  other  nodes 


will  be  different  from  the  case  when  this  node  is  actually  transmitting/receiving  a  frame.  In 
the  latter  case,  the  node  selects/forms  a  directional  beam  pattern  to  transmit/receive  a  frame, 
which  will  lead  to  different  relative  antenna  gains  with  respect  to  every  other  node  in  the 
network. 

Because  of  the  richness  of  the  DVCS  operation,  and  because  it  is  built  upon  the 
IEEE  802.1 1  DCE  MAC,  we  can  use  the  model  for  the  IEEE  802.1 1  DCE  MAC  we  developed 
in  Chapter  6  to  capture  the  operation  of  the  DVCS  and  its  DNAV  mechanism.  Next  section, 
we  present  the  model  validation  of  our  analytical  modeling. 

7.5  Model  Validation 

In  this  Section,  we  evaluate  the  accuracy  of  the  analytical  model  in  predicting  the 
performance  of  multihop  ad  hoc  networks  operating  with  directional  antennas  under  the  di¬ 
rectional  virtual  carrier  sensing  protocol  (DVCS)  MAC  protocol  [114].  The  DVCS  allows 
contention-based  MAC  protocols  to  determine  direction-specific  channel  availability.  The 
DVCS  uses  the  directional  network  allocation  vector  (DNAV),  a  directional  version  of  the 
network  allocation  vector  (NAV)  of  the  IEEE  802.11,  which  contains  information  about  the 
duration  of  a  transaction  that  is  about  to  happen  on  the  channel.  During  this  time,  the  node 
cannot  transmit  any  frame  to  the  channel,  reserving  it  for  others  do  it.  In  DVCS,  the  DNAV 
reserves  the  channel  for  others  only  in  a  range  of  directions,  and  determines  that  the  channel 
is  available  for  a  specific  direcfion  when  no  DNAV  covers  fhaf  direcfion.  We  refer  fhe  reader 
fo  [114]  for  more  defails. 
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7.5.1  Simulation  and  Modeling  Setup 


We  implement  the  analytical  model  in  Matlab™  7.0  [81],  and  conduct  discrete- 
event  simulations  in  Qualnet™  v3.5  [105].  For  the  directional  antennas,  we  use  a  switched- 
beam  antenna  system  with  the  default  antenna  gain  pattern  provided  by  Qualnet™,  as  shown 
in  Figure  7.1.  As  in  [114],  we  only  focus  on  interference  reduction,  i.e.,  power  control  is 
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Figure  7.1;  Antenna  gain  pattern  used  for  simulations  and  the  analytical  model.  The  figure  shows  two 
antenna  patterns  with  boresight  angles  at  0  and  90  degrees,  respectively. 

enforced  at  the  transmitter,  decreasing  the  transmit  power  to  compensate  for  the  gain  yielded 
towards  the  antenna  boresight  (15  dBi).  Consequently,  no  communication  range  extension  is 
in  placed 

The  selected  path  loss  propagation  model  is  the  two-ray  ground  reflection  model. 
No  shadowing  or  small-scale  multipath  fading  is  considered,  and  bit  errors  are  treated  inde¬ 
pendently,  as  it  is  done  in  Qualnet™.  Nodes  are  randomly  placed  in  an  area  of  1500  x  1500  m. 
^ There  is  an  inherent  trade-off  between  communication  range  extension  and  interference  reduction  [95, 131]. 
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Table  7.1;  Simulation  Parameters:  MAC  and  PHY  layers. 


MAC 

PHY 

MYiin 

32 

Temperalure  (Kelvin) 

290 

fkniax 

1024 

Noise  factor 

10 

MAC  Header  (bytes) 

34 

Transmission  power  (dBm) 

15 

ACK  (bytes) 

38 

Receive  Sensilivily  (dBm) 

-91.0 

CTS  (bytes) 

38 

Receive  Threshold  (dBm) 

-81.0 

RTS  (bytes) 

44 

Packel  recepfion  model 

BER 

Slol  Time  (^usec) 

20 

Directional  Trans.  Power  (dBm) 

0.0 

SIES  iijsec) 

10 

RX  Direclional  Sensilivily 

-75.0 

DIES  (//sec) 

50 

DNAV  della  angle  (degrees) 

37.0 

For  the  physical  layer,  we  use  the  direct  sequence  spread  spectrum  (DSSS)  IEEE  802.1 1  PHY, 
with  a  raw  bit  rate  of  1  Mbps  under  DBPSK  modulation.  Table  7.5.1  summarizes  the  rest  of 
the  parameters  used  for  the  PHY  and  MAC  layers. 

The  focus  of  this  paper  is  on  the  modeling  capability  of  dealing  with  directional 
antennas  and  on  the  modeling  of  DVCS  itself.  Therefore,  although  we  have  presented  the 
formalism  for  dealing  with  multiple  receivers  and  packet  size  distributions,  these  features  will 
not  be  treated  here,  as  their  impact  on  network  performance  deserves  an  analysis  on  its  own. 
Hence,  each  node  has  a  single,  one-hop  receiver  for  its  packets  throughout  the  simulation 
time,  to  which  it  will  send  fixed-size  packets  of  1500  bytes  (IP  packet)  generated  from  a  CBR 
source.  The  source  rate  is  high  enough  to  saturate  all  nodes.  Each  simulation  run  corresponds 
to  5  minutes  of  data  traffic,  and  fhe  experimenf  is  repeafed  for  20  seeds,  wifh  each  frial  cor¬ 
responding  fo  a  differenf  initial  fransmission  time  for  each  node.  Initial  fransmission  limes 
are  randomly  chosen  wifhin  fhe  inferval  [0,  0.01]  s.  This  is  done  fo  allow  fhe  IEEE  802.11 
exponenfial  backoff  algorilhm  fo  be  friggered  al  differenf  lime  inslanls  al  each  node,  so  lhal 
differenf  slale  evolutions  occur  wifhin  fhe  same  lopology. 
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Because  we  analyze  a  static  scenario,  we  let  all  RTS  transmissions  to  be  directional, 


as  opposed  to  the  default  specification  of  DVCS,  which  proposes  RTS  to  be  transmitted  om¬ 
nidirectionally  after  4  consecutive  failed  attempts,  in  which  case  it  is  assumed  that  the  failure 
to  get  a  CTS  back  is  due  to  an  inaccurate  knowledge  of  the  right  direction  to  transmit  (due  to 
mobility). 

7.5.2  Numerical  Results 

One  of  the  advantages  of  our  modeling  approach  is  the  ability  to  obtain  per  node 
performance  metrics  for  a  given  network  topology  under  a  specific  radio  propagation  model 
and  detailed  PHY/MAC  layers  [19].  The  power  of  our  modeling  approach  is  best  appreciated 
in  the  computation  of  the  average  throughput  for  a  given  network  scenario.  Figure  7.2  shows 
the  average  throughput  results  computed  for  10  random  topologies  with  100  nodes  each.  As 
we  can  see,  the  model  is  able  to  predict  the  average  throughput  very  accurately.  Figure  7.3 
contains  a  histogram  for  the  average  number  of  nodes  within  a  certain  percentage  prediction 
error.  The  percentage  prediction  error  is  computed  with  respect  to  the  maximum  range  of 
throughput  values  observed  in  simulations  for  each  node  in  each  randomly  generated  topology. 
The  histogram  is  the  average  of  the  10  histograms  over  all  topologies.  According  to  our  results, 
the  percentage  prediction  error  is  within  20%  for  about  82%  of  the  nodes.  As  highlighted 
in  [19],  the  strength  of  our  analytical  model  become  also  apparent  when  we  compare  the  time 
required  to  obtain  the  above  results  through  simulations  and  with  the  analytical  model.  Each 
simulation  run  in  Qualnet  for  the  100-node  scenario  corresponding  to  5  min  of  data  traffic 
takes  about  3060  s  (51  min)  in  a  Sun  Blade  100  machine  running  Solaris  5.9.  For  the  20  seeds 
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Figure  7.2:  Average  throughput  for  10  random  topologies  with  100  nodes. 

used,  this  corresponds  to  17  hours  of  simulation.  Using  Matlab  7.0  in  this  same  machine,  our 
analytical  model  generates  results  in  about  22  s.  This  corresponds  to  a  time  saving  of  2800 
times.  The  accuracy  and  speed  attained  by  our  analytical  model  compared  to  simulations 
enables  the  study  of  many  physical-layer  parameters  associated  with  antenna-gain  patterns  on 
the  performance  of  a  MAC  protocol. 


7.6  Realistic  versus  Simplifi  ed  Antenna-Gain  Patterns 

In  this  Section,  we  show  how  misleading  it  can  be  the  modeling  of  ad  hoc  networks 
with  directional  antennas  based  on  over-simplified  antenna-gain  patterns  like,  for  instance, 
the  “pie-slice”  or  the  “cone-plus-ball”  antenna  models.  For  this  purpose,  we  use  the  same 
switched-beam  antenna  system  as  before,  but  with  antenna-gain  patterns  that  follow  a  “pie- 
slice”  antenna  model,  shown  in  Figure  7.4. 
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Percentage  Error 


Figure  7.3;  Percentage  error  prediction  histogram  over  10  random  topologies  with  100  nodes. 

Because  the  previous  switched-beam  antenna  system  had  8  main  patterns  (from 
which  the  system  selects  the  best  pattern  to  transmit/receive),  the  pie-slice  antenna  model  also 
has  8  patterns,  each  corresponding  to  a  sector  of  45  degrees.  Inside  each  sector,  the  gain  is  15 
dBi,  whereas  outside  the  sector  the  gain  is  —41.84  dBi,  which  is  the  minimum  observed  gain 
in  the  antenna-gain  pattern  of  Figure  7.1. 

Keeping  the  same  MAC-  and  PHY-layer  parameters  as  used  in  Section  7.5,  we  com¬ 
pute  the  average  throughput  for  10  random  topologies  with  a  100  nodes  each.  The  numerical 
results  corresponding  to  both  antenna-gain  patterns  are  shown  in  Figure  7.5.  As  we  can  see, 
throughput  results  for  ad  hoc  networks  using  over-simplified  antenna  gain  patterns  are  too 
optimistic.  The  results  suggest  an  increase  in  average  throughput  of  more  than  200%  for  the 
pie-slice  antenna  patterns.  Obviously,  such  high  average  throughput  is  a  direct  consequence 
of  the  fact  that  no  side  lobes  are  present  in  the  pie-slice  model,  and  also  non-negligible  gains 
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90 


Figure  7.4:  Pie-slice  antenna-gain  pattern  used  for  comparison  with  the  realistic  antenna-gain  model 
shown  in  Fig.  7.1. 

are  present  at  all  directions  in  the  realistic  antenna  gain  pattern.  Therefore,  the  use  of  over¬ 
simplified  antenna  gain  patterns  in  the  study  of  ad  hoc  networks  with  directional  antennas  do 
not  reflect  the  true  potentials  and  limitations  that  this  technology  can  achieve. 

7.7  Conclusions 

This  chapter  presented  the  first  analytical  modeling  of  wireless  ad  hoc  networks  that 
considered  the  impact  of  realistic  antenna  gain  patterns  on  network  performance.  As  such,  our 
modeling  approach  allows  the  study  of  ad  hoc  networks  equipped  with  directional  antennas, 
i.e.,  antenna  systems  that  are  able  to  transmit/receive  energy  over  preferred  directions.  We 
validated  our  analytical  model  by  comparing  its  predictions  with  results  obtained  through 
a  state-of-the-art  simulation  package.  The  results  obtained  show  that  our  analytical  model 
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Figure  7.5;  Average  throughput  results  for  10  topologies  with  100  nodes  each  comparing  the  predicted 
performance  using  the  “pie-slice”  antenna-gain  pattern  and  a  realistic  one. 


predicts  simulation  results  very  accurately,  with  a  processing  time  that  is  orders  of  magnitude 
faster  than  simulations.  Furthermore,  we  show  that  the  “pie-slice”  models  for  antenna  patterns 
used  in  the  past  exaggerate  the  throughout  attained  in  a  network  with  directional  antennas. 
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Chapter  8 


Modeling  Ad  Hoc  Networks  that 
Utilize  Space-Time  Coding 


This  chapter  presents  the  first  analytical  model  for  ad  hoc  networks  equipped  with  multiple- 
input  multiple-output  (MIMO)  radios  using  space-time  coding  (STC)  that  considers  the  impact 
of  the  underlying  radio-based  topology  on  network  performance.  In  particular,  we  consider 
the  space-time  block  coding  (STBC)  technique  known  as  the  “Alamouti  scheme.”  We  derive 
the  effective  signal-to-interference-plus-noise  density  ratio  (SINR)  of  the  Alamouti  scheme 
under  multiple  access  interference  (MAI),  and  we  propose  the  moment  generating  function 
(MGF)  method  to  derive  closed-form  expressions  for  its  symbol  error  probability  under  dif¬ 
ferent  modulation  schemes  when  fading  paths  are  independent  but  not  necessarily  identically 
distributed.  The  impact  of  the  Alamouti  scheme  on  IEEE  802.1 1  ad  hoc  networks  is  studied  by 
taking  into  account  the  impact  of  errors  in  both  control  and  data  frames,  the  carrier-sensing  ac¬ 
tivity,  and  the  finite-retry  limit  of  frame  retransmissions  as  derived  in  Chapter  6.  We  apply  the 
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Alamouti  scheme  to  different  antenna  system  configurations  and  compare  their  performance 


with  respect  to  the  basic  single-input-single-output  (SISO)  IEEE  802.11  DCE  MAC. 

8.1  Introduction 

Recent  information-theoretic  results  [136],  [43,44],  [119]  have  shown  that  large 
gains  in  communication  capacity  over  wireless  channels  can  be  obtained  if  multiple  antenna 
elements  are  used  in  both  ends  of  the  wireless  link — the  so-called  multiple-input  multiple- 
output  (MIMO)  systems.  As  a  consequence,  MIMO  technology  has  emerged  as  one  of  the 
most  promising  fields  in  modem  communications  with  a  chance  to  resolve  the  bottleneck 
capacity  of  future  high-demand  wireless  networks  [53, 85]. 

In  practice,  however,  achieving  the  high  capacity  gains  promised  by  theory  requires 
the  development  of  algorithms  and  signal  design/processing  techniques  that  are  able  to  trade 
off  system  complexity  with  performance  (the  theory  only  provides  performance  bounds  based 
on  algorithms/codes  with  unbounded  complexity  or  latency  [53]).  One  such  set  of  practical 
signal  design  techniques  is  space-time  coding  (STC)  [117],  [129].  As  the  name  suggests, 
STC  exploits  both  temporal  and  spatial  dimensions  inherent  in  the  use  of  multiple  spatially- 
distributed  antennas  to  design  codes  that  aim  to  achieve  the  capacity  limits  of  MIMO  channels. 
In  the  space-time  encoder,  code  symbols  are  generated  and  transmitted  simultaneously  from 
each  antenna  in  a  way  that  diversity,  array,  and/or  coding  gains  can  be  obtained  under  high 
spectral  efficiency  with  the  use  of  appropriate  signal  processing  and  decoding  procedures  at 
the  receiver. 

Despite  the  enormous  advantages  envisaged  with  the  use  of  MIMO  technology,  to 
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date,  the  majority  of  the  work  in  ad  hoe  networks  equipped  with  multiple  antennas  has  foeused 


on  solutions  in  whieh  the  primary  goal  is  to  obtain  a  more  reliable  eommunieation  link  by  fo¬ 
eusing  energy  into  desired  direetions  (“direetional  antennas”).  So  far,  very  few  works  have 
attempted  to  integrate  MIMO  systems  into  ad  hoe  networks,  and  little  is  known  about  the  im- 
paet  of  sueh  teehnology  on  the  performanee  of  ad  hoe  networks  under  speeifie  medium  aeeess 
eontrol  (MAC)  protoeols.  Seetion  8.2  reviews  the  prior  work  on  MIMO  ad  hoe  networks. 

Although  a  eross-layer  design  approaeh  to  both  physieal  (PHY)  and  MAC  layers 
is  likely  to  obtain  the  most  benefit  out  of  MIMO  teehnology,  it  is  important  to  know  what  is 
the  impaet  of  MIMO  on  the  performanee  of  ad  hoe  networks  if  the  MAC  layer  is  kept  intact. 
In  faet,  sueh  separation  of  roles  may  be  unavoidable  in  many  eases  (e.g.,  the  IEEE  802.11 
standard  states  that  [64,  pp.  149]  “the  arehiteeture  of  the  IEEE  802.11  MAC  is  intended  to  be 
PHY  independent.”).  Aeeordingly,  this  ehapter  attempts  to  address  the  following  questions  by 
introdueing  the  first  analytieal  model  of  MIMO  ad  hoe  networks  with  specific  PHY  and  MAC 
layers: 

1.  How  do  the  PHY  improvements  provided  by  a  specific  MIMO  teehnology  relleet  on 
overall  network  performanee  for  a  given  MAC  protoeol? 

2.  Are  the  gains  signifieant  enough  to  justify  the  added  eomplexity  and  proeessing  eost 
ineurred  by  the  MIMO  teehnology? 

3.  How  do  the  performanee  gains  obtained  with  multiple-input  single-output  (MISO)  or 
MIMO  systems  eompare  to  the  simplest  single-input  single-output  (SISO)  ease? 

4.  What  are  the  relative  gains  in  performanee  as  the  number  of  antenna  elements  inereases? 
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We  investigate  the  impaet  of  space-time  block  codes  (STBC)  [118]  in  ad  hoe  net¬ 


works  operating  with  the  IEEE  802.11  DCE  MAC.  Eor  the  STBC,  we  investigate  the  use  of 
the  Alamouti  seheme  [4],  whieh  is  eurrently  part  of  both  W-CDMA  and  CDMA-2000  stan¬ 
dards.  Among  its  advantages,  the  Alamouti  seheme  supports  maximum-likelihood  deteetion 
based  only  on  linear  proeessing  at  the  reeeiver  and  it  does  not  require  ehannel  state  informa¬ 
tion  (CSI)  at  the  transmitter.  Seetion  8.3.1  deseribes  the  basies  of  the  Alamouti  seheme,  with 
an  example  of  a  MIMO  system  with  two  transmit  antennas  and  two  reeeive  antennas.  See¬ 
tion  8.3.2  derives  the  effeetive  signal-to-interferenee-plus-noise  density  ratio  (SINR)  of  the 
Alamouti  seheme  under  multiple  aeeess  interferenee  (MAI),  whieh  is  key  for  the  performanee 
of  Alamouti-enabled  MIMO  ad  hoe  networks.  Also,  Seetion  8.3.3  proposes  the  use  of  the 
moment  generating  funetion  (MGE)  method  to  derive  elosed-form  expressions  for  the  symbol 
error  probability  of  the  Alamouti  seheme  under  different  modulation  sehemes  when  fading 
paths  are  independent  but  not  neeessarily  identieally  distributed. 

In  Seetion  8.4,  we  study  the  impaet  of  the  Alamouti  seheme  into  IEEE  802.11  ad 
hoe  networks.  Beeause  of  its  flexibility,  we  study  the  use  of  Alamouti  seheme  in  MISO  and 
MIMO  ad  hoe  networks,  eomparing  their  relative  performanee  with  respeet  to  SISO  networks. 
Seetion  8.5  summarizes  our  eonelusions. 


8.2  Related  Work 

So  far,  not  mueh  work  has  been  done  on  MIMO  ad  hoe  networks.  Sundaresan 
et  al.  [112]  introdueed  a  distributed  MAC  protoeol  for  MIMO  links  based  on  a  eentralized 
MAC  that  applies  spatial  multiplexing  assuming  elosed-loop  MIMO  and  ideal  interferenee 
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cancellation.  Tang  et  al.  [115]  proposed  the  design  of  a  new  transceiver  based  on  a  space¬ 


time  interference  canceling  technique  forMIMO-OFDM,  and  a  MAC  protocol  (MIMA-MAC) 
that  takes  advantage  of  their  transceiver  capability  in  demodulating  multiple  data  streams. 
Park  et  al.  [90]  designed  a  MAC  protocol  (SPACE-MAC)  for  MIMO  links  based  on  MIMO 
beamforming,  i.e.,  a  MIMO  technique  by  which  the  same  symbol  is  transmitted  from  each 
antenna  according  to  a  pre-selected  weighting  scheme  ^ .  At  demodulation,  appropriate  weights 
are  selected  at  the  receive  antennas  to  recover  the  transmitted  symbol.  SPACE-MAC  selects 
the  weights  in  such  a  way  that  simultaneous  transmissions  may  occur  among  nodes  within 
range  of  each  other,  improving  the  spatial  reuse. 

Regarding  the  use  of  space-time  coding  in  ad  hoc  networks,  Stamoulis  and  Al- 
Dhahir  [109]  investigated  the  impact  of  space-time  block  codes  on  IEEE  802.11a  wireless 
local  area  networks  (WEANs)  operating  in  ad  hoc  mode.  They  used  simulations  to  assess 
the  benefits  of  the  Alamouti  scheme  on  the  performance  of  upper-layer  protocols  like  TCP. 
Their  work  assumes  fully-connected  networks  (i.e.,  no  hidden  terminals)  and  focuses  on  the 
simplest  Alamouti  scheme,  i.e.,  a  MISO  system  with  two  transmit  antennas  and  one  receive 
antenna. 

Hu  and  Zhang  [63]  attempted  to  model  MIMO  ad  hoc  networks  by  focusing  on 
IEEE  802.11  ad  hoc  networks  operating  with  STBC.  Eor  the  modeling  of  the  IEEE  802.11 
DCE  MAC,  they  used  the  same  Markov  model  as  the  one  introduced  by  Bianchi  [12],  which 
does  not  include  the  impact  of  the  finite-retry  limits  or  the  carrier-sensing  activity  of  the  nodes, 
and  assumes  that  collisions  occur  only  among  RTS  frames.  In  addition,  they  disregarded 

^The  term  “beamforming”  is  also  used  in  the  context  of  smart  antennas  to  describe  the  adjustment  of  the 
antenna  weights  to  direct  the  antenna  beam  in  a  given  direction. 
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the  impact  of  the  network  topology,  and  assumed  that  “events  experienced  by  one  user  are 


statistically  the  same  as  those  of  other  users,”  stating  that  each  node  has  the  same  average 
throughput.  In  fact,  in  their  model,  each  node  is  surrounded  by  the  same  average  number  of 
nodes,  and  the  multihop  network  simplifies,  in  practice,  to  many  “single-hop”  networks,  where 
interactions  happen  only  with  immediate  neighbors.  Therefore,  their  model  ignores  the  impact 
of  the  topology  and  the  radio  connectivity  among  all  nodes  in  the  network.  Consequently,  it 
does  not  capture  the  interactions  between  PHY  and  MAC  layers,  which  is  key  for  an  accurate 
evaluation  of  the  impact  of  any  PHY-layer  aspect  on  the  performance  of  a  multihop  network. 

8.3  Space-Time  Coding  (STC) 

The  fundamentals  of  space-time  coding  (STC)  were  first  established  by  Tarokh  et 
al.  [117]  who  proposed  space-time  trellis  codes  (STTC).  STTC  is  an  extension  of  standard 
trellis  codes  to  MIMO  systems,  with  the  difference  that  the  decoding  procedure  of  STTC 
requires  multidimensional  Viterbi  algorithms  at  the  receiver.  They  designed  codes  that  attain 
a  diversity  order  equal  to  the  number  of  transmit  antennas,  and  a  coding  gain  that  depends  on 
the  complexity  of  the  code  (i.e.,  number  of  states  in  the  trellis)  without  incurring  any  loss  in 
bandwidth  efficiency.  Unforfunafely,  a  major  drawback  of  STTC  is  fhe  facf  fhaf  fhe  decoding 
complexify  increases  exponentially  as  a  function  of  fhe  diversify  level  and  fransmission  rale. 

Lafer,  Alamouli  [4]  proposed  a  space-lime  block  coding  (STBC)  scheme  for  Irans- 
mission  wilh  Iwo  antennas  lhal  supports  maximum-likelihood  deleclion  based  only  on  linear 
processing  al  fhe  receiver.  In  addilion,  fhe  Alamouli  scheme  does  nol  require  any  channel 
feedback  from  fhe  receiver  lo  fhe  transmitter  (the  channel  is  unknown  to  the  transmitter)  and  it 
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does  not  incur  any  bandwidth  expansion.  The  basic  Alamouti  scheme  consists  of  two  transmit 


antennas  and  one  receive  antenna  (MISO  system),  but  it  can  be  easily  generalized  to  the  case 
of  two  transmit  antennas  and  M  receive  antennas  to  provide  a  diversity  order  of  2M.  Tarokh  et 
al.  [118]  generalized  this  scheme  to  an  arbitrary  number  of  transmit  antennas.  In  this  chapter, 
however,  we  focus  on  systems  with  two  transmit  antennas  and  M  receive  antennas. 

Next,  we  present  a  short  overview  of  the  basics  of  the  Alamouti  scheme  applied  to 
a  MIMO  system  with  two  transmit  antennas  and  two  receive  antennas.  Following  that,  we 
compute  the  impact  of  multiple  access  interference  (MAI)  in  an  ad  hoc  network  operating 
with  the  Alamouti  scheme,  and  show  a  simple  way  to  compute  the  symbol  error  probability 
of  the  Alamouti  scheme  under  multipath  fading. 

8.3.1  Example:  The  2x2  MIMO  Alamouti  Scheme 

The  Alamouti  scheme  [4]  works  over  two  symbol  periods.  Over  the  first  symbol 
period,  two  different  symbols  si  and  S2  are  transmitted  simultaneously  from  antennas  1  and 
2,  respectively.  During  the  next  symbol  period,  symbol  — S2  is  transmitted  from  antenna  1,  and 
symbol  s]  is  transmitted  from  antenna  2  (where  *  indicates  the  complex  conjugate  operation). 
At  each  symbol  period,  the  energy  Eg  available  at  the  transmitter  is  equally  divided  between 
the  two  antennas,  i.e.,  each  symbol  has  energy  Es/2  (no  extra  power  is  needed).  It  is  assumed 
that  the  channel  remains  constant  over  two  consecutive  symbol  periods  and  it  is  frequency 
flat,  with  hki  =  \hki\e^^'^'- ,  k,l  =  1,  2,  representing  the  complex  channel  gains  between  the 
(th  transmit  antenna  and  the  kth  receive  antenna.  Under  such  conditions,  the  2x2  channel 
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matrix  H  is  given  by 


where  s  =  [si  §2]^  and  n  =  [m  n2  n^]^.  By  eonstruetion,  Ha  is  orthogonal  irrespective 
of  the  channel  realization,  i.e.,  H^Ha  =  ||H|||,l2,  where  I2  is  the  2x2  identity  matrix  and 
||H|||,  is  the frobenius  norm  of  H,  i.e., 

=  (8-5) 

*  j 
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By  defining  the  new  veetor  z  =  H^y,  one  gets 


z  =  ||H|||^l2  S  +  n,  (8.6) 

where  n  =  H^n  is  a  eomplex  Gaussian  noise  veetor  with  i?{n}  =  0,  and  eovarianee  matrix 
=  ||H|||,  A^ol2-  The  diagonal  nature  of  z  effeetively  deeouples  the  two  symbol 
transmissions,  so  that  eaeh  eomponent  of  z  eorresponds  to  one  of  the  transmitted  symbols: 

Zi  =  \\li\\]pSi  +  hi,  i  =  l,2.  (8.7) 

Thus,  the  reeeived  SNR  eorresponds  to  the  SNR  for  Zi,  whieh  is  given  by  [56] 

SNR=^^^,  (8.8) 

where  the  faetor  of  2  eomes  from  the  faet  that  s*  is  transmitted  using  half  of  the  total  energy 

Es. 


8.3.2  Multiple  Access  Interference  (MAI) 

In  order  to  model  MIMO  ad  hoe  networks  properly,  we  need  to  eharaeterize  the 
impaet  of  MAI  on  the  signaling  teehnique  of  ehoiee,  taking  into  aeeount  the  MIMO  nature  of 
the  ehannel.  In  this  seetion,  we  eonsider  the  impaet  of  MAI  in  ad  hoe  networks  operating  with 
the  Alamouti  seheme.  Without  loss  of  generality,  we  eonsider  the  simplest  Alamouti  seheme, 
whieh  eonsists  of  two  transmit  antennas  and  one  reeeive  antenna  (MISO  ehannel).  In  this  ease, 
we  assume  that  every  node  in  the  network  has  two  antennas,  but  only  the  signals  eaptured  by 
one  of  the  antennas  are  deeoded/demodulated  for  signal  reeeption. 

Let  and  denote  the  eomplex  ehannel  gains  between  antennas  1  and  2  of 
node  k  and  the  reeeive  antenna  of  node  j,  respeetively  (notiee  that  we  have  a  1  x  2  ehannel 
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matrix  in  the  MISO  case).  Likewise,  let  si^  and  S2k  denote  the  two  symbols  transmitted  from 
antennas  1  and  2  of  node  k.  Now,  let  us  assume  that  node  i  transmits  a  signal  to  node  j  and 
that  other  K  nodes  are  transmitting  simultaneously  over  the  channel  (not  necessarily  to  node 
j).  Therefore,  the  signals  yl  and  2/2  received  by  node  j  over  two  consecutive  symbol  periods 
are  given  by 

K 

y{  =  h\^sii  +  hl-S2i  +  ^  (yKk^ik  +  ,  (8-9) 

fc=i 

' - - ' 

MAI 

K 

yi  —  ^  ’  (8.10) 

k=l 

'• - V - ' 

MAI 

where,  as  indicated,  the  terms  under  summation  form  the  multiple  access  interference  (MAI) 
at  node  j.  As  explained  before,  node  j  constructs  the  vector  =  [if[  2/2*]^,  leading  to 


Ki 

1 

^li 

K 

+E 

Kk 

1 

Sik 

* 

_ 1 

-K  _ 

S2i 

k=l 

* 

_ 1 

-Kl  _ 

S2k 

K 

=  HiSj  +  ^HfcSfc  (8.11) 

k=l 

As  in  the  previous  section,  it  is  assumed  that  node  j  estimates  the  channel  perfectly 
from  the  signals  received  by  node  i,  i.e.,  node  j  has  accurate  estimates  of  the  channel  gains 
h\  -  and  Therefore,  node  j  forms  the  new  vector  Zj  =  given  by 

K 

•Zj  =  Hf  Hi  Si  +  ^  Hf  Hfc  Sfc  =  ||Hi|||.l2  Si  +  m,  (8.12) 

k=l 

where  m  is  the  MAI  term  given  by  m  =  s^.  Notice  the  resemblance  between 

Eqs.  (8.12)  and  (8.6).  Assuming  that  the  symbols  are  equally  probable  and  drawn  from  a 
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symmetric  constellation,  then  =  0.  For  the  covariance  matrix  we  have 


E{mm^}  =  ^  I  (^E  Hfc  Skj  Hf  H 

K  K 

=  EEHfHfci?{sfcsf}HfH,. 


(8.13) 


If  we  also  make  the  common  assumption  that  symbols  are  generated  independently 
at  each  node,  the  double  summation  in  Eq.  (8.13)  simplifies  to 


E{inni^}  =  ^HfHfc.E{sfcsf}HfH,  =  ^  Hf  a2l2Hf 


(8.14) 


where  =  E{s2kS2k}  is  th®  power  of  the  transmitted  symbols  (remember 

that  they  are  transmitted  with  the  same  power).  Hence,  as  in  the  previous  section,  the  signal- 
to-interference-ratio  (SIR)  for  each  received  symbol  corresponds  to  the  SIR  for  Zi,  which  is 


given  by 


SIR  = 


Y:k\\miEs/2 


(8.15) 


This  last  expression  tells  us  that  the  interference  caused  by  all  simultaneous  trans¬ 
missions  is  nothing  but  the  sum  of  all  the  signal  powers  received  by  node  j  from  all  possible 
transmit-receive  antenna  pairs  formed  between  node  j  and  the  transmitting  nodes.  Finally,  if 
we  consider  both  the  additive  background  noise  (from  previous  section)  and  the  MAI,  we  have 
the  signal-to-interference-plus-noise  (SINR)  ratio,  given  by 


SINR  = 


||Hj||f  ii/s/2 
No  +  Ek\\^kfFEs/2- 


(8.16) 


I9I 


8.3.3  Symbol  Error  Probability 


The  symbol  error  probability  of  the  Alamouti  scheme  can  be  easily  obtained  if  we 
notice  that  the  received  SNR  is  the  sum  of  the  SNRs  from  each  individual  path^,  i.e.,  from 
Eqs.  (8.5)  and  (8.8), 


2  Mr 

SNR  =  7  =  EE^*^' 

i=i  j=i 


i=l  j=l 


lj\ 


2iVo 


(8.17) 


where  Mr  is  the  number  of  receive  antennas.  Such  additive  property  of  SNRs  suggests  the  use 
of  the  moment  generating  function  (MGF)  method  for  computation  of  the  symbol  error  prob¬ 
ability  of  different  modulation  schemes  [56].  The  MGF  for  a  nonnegative  random  variable  7 
with  pdf  ^7(7),  7  >  0,  is  defined  as 


poo 

M{s)  =  /  p^{'y)e^'^d'j.  (8.18) 

Jo 

The  idea  behind  the  MGF  approach  is  to  express  the  probability  of  error  in  AWGN 
for  the  modulation  of  interest  as  an  exponential  function  of  7.  For  instance,  let  us  suppose  that 
the  probability  of  symbol  error  Pg  in  AWGN  for  the  modulation  of  interest  is  expressed  in  the 
form 


Psi-f)  =  cie-^2^ 


(8.19) 


where  ci  and  C2  are  constants.  Hence,  because  the  average  probability  of  symbol  error  is 
computed  by  integrating  the  error  probability  in  AWGN  over  the  fading  distribution  [56],  we 
have 

poo  poo 

Ps=  Psij)p-y{'y)d'y  =  /  Cie~'''^'^p^{'y)d'y  =  ciM{-C2), 

Jo  Jo 

^The  same  additive  property  of  SNRs  is  observed  in  receiver  diversity  with  maximal  ratio  combining 
(MRC)  [56]. 
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where  A^(— C2)  is  the  MGF  of  7  evaluated  at  —  C2. 

Given  that,  the  symbol  error  probability  of  the  Alamouti  seheme  beeomes  partieu- 
larly  simple  if  it  is  assumed  that  the  fading  paths  are  independent  but  not  neeessarily  identi¬ 
cally  distributed.  In  this  case,  the  branch  SNRs  are  independent  and  the  joint  pdf  of  7  becomes 
a  product  of  the  individual  pdfs,  i.e.,  (ti,  •  •  • ,  72m)  =  P71  (7i) ' ' '  P12M  (72m)-  Using 

this  factorization  and  substituting  7  =  71  +  . . .  +  ^2M  in  Eq.  (8.20)  yields 


r*00  POO 


Ps  =  Cl 


exp 


'2M 


-C2 


7=1 


2M 


i=l 


2M 


2M 


Cl  n  /  e  ‘'"^'Pli{l'i)dli  =  Cl  n  A^7i(-C2) 


(8.20) 


i=l  ' 


i=l 


For  instance,  the  symbol  error  probability  for  DBPSK  under  AWGN  is  Ps  =  Pbijb)  = 
exp(— 76)/2,  i.e.,  ci  =  0.5  and  C2  =  1.  Hence,  the  average  probability  of  bit  error  under 
DBPSK  is  given  by 

^  2M 

^  (8.21) 


2M 

Ph  =  ^X{M,A-^). 


2=1 


For  Rician  fading,  the  moment  generating  function  is  given  by  [56] 

Ks^ 


.  ,  /  N  \  K 
■M^(s)  =  7—^^; — :=exp 


1  +  AT  —  57 


(8.22) 


1  +  K  —  sj 

Substituting  Eq.  (8.22)  into  Eq.  (8.21)  we  obtain  the  average  probability  of  bit  error 
for  the  Alamouti  scheme  with  two  transmit  antennas  and  M  receive  antennas  in  the  case  of 
DBPSK  modulation  under  Rician  fading,  which  is  given  by 


1  +  K  ' 

2M 

— 2MA'7 

_1  +  AT  +  7_ 

GXp 

_1  +  AT  +  7_ 

(8.23) 


Following  the  same  approach,  one  can  obtain  average  error  probabilities  for  many 
other  modulations  schemes  under  multipath  fading  [56]. 
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As  a  final  note,  the  same  development  can  be  used  when  considering  the  SINR  of 


Eq.  (8.16).  In  this  case,  as  usual,  the  aggregate  MAI  is  assumed  to  be  Gaussian-distributed, 
with  the  mean  and  covariance  matrix  as  computed  before,  and  assuming  that  the  channel  gains 
in  the  denominator  of  Eq.  (8.16)  correspond  to  average  channel  gains,  which  are  nothing  but, 
the  channel  gains  due  to  path-loss  propagation  effects. 

8.4  Performance  of  MIMO  Ad  Hoc  Networks 

In  this  Section,  we  evaluate  the  performance  of  ad  hoc  networks  that  employ  the 
Alamouti  scheme  at  the  physical  layer  and  operate  with  the  modified  IEEE  802. 1 1  DCE  MAC 
described  before.  We  investigate  both  MISO  and  MIMO  ad  hoc  networks  by  taking  advantage 
of  the  flexibility  of  the  Alamouti  scheme  (it  works  with  any  number  M  of  receive  antennas, 
as  explained  in  Section  8.3).  Table  II  contains  the  configurations  of  the  antenna  systems  we 
study.  Eor  the  MISO  case,  we  assume  that  all  nodes  are  equipped  with  two  antennas.  In 
this  case,  both  antennas  are  used  during  transmission  (necessary  for  the  Alamouti  scheme) 
and,  during  reception,  only  the  signals  arriving  at  one  of  the  antennas  are  conveyed  to  the 
appropriate  decoding/demodulation  stages.  Eor  the  MIMO  cases,  the  opposite  applies,  i.e.,  all 
nodes  are  equipped  with  M  >2  antennas,  but  only  two  of  them  are  used  during  transmission, 
whereas  all  antennas  are  used  during  reception.  The  performance  of  both  MISO  and  MIMO 
networks  are  compared  with  the  basic  SISO  network  (nodes  equipped  with  a  single  antenna). 
In  the  following,  we  will  refer  to  a  network  with  N  transmit  antennas  and  M  receive  antennas 
as  an  A"  X  M  MISO/MIMO  network  (depending  on  the  values  of  N  and  M). 

One  of  the  advantages  of  MIMO  systems  is  to  combat  time-varying  multipath  fad- 
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Table  8.1;  Antenna  Configurations  used  for  Performance  Evaluation 


System 

N.  of  Transmit  Antennas 

N.  of  Receive  Antennas 

MISO 

2 

1 

MIMO 

2 

2 

MIMO 

2 

4 

MIMO 

2 

6 

ing.  For  our  study,  we  assume  a  multipath  fading  following  a  Rieian  model  [56].  We  ehoose 
the  Rieian  model  beeause  it  is  appropriate  for  seenarios  where  there  exists  both  line-of-sight 
(LOS)  and  non-line-of-sight  (NLOS)  signals.  The  key  parameter  of  the  Rieian  distribution  is 
the  K  parameter,  whieh  expresses  the  ratio  of  the  power  of  the  LOS  signal  to  the  power  of  the 
NLOS  signals.  A  small  value  of  K  indieates  a  rieh  seattering  environment  with  a  weak  LOS 
signal  (strong  fading).  A  large  value  of  K  indieates  a  deerease  in  multipath  propagation  and, 
therefore,  weak  fading.  We  assume  that  fading  is  frequeney  flat  and  independent  at  eaeh  path. 
Thus,  we  ean  use  the  bit-error  eomputation  proeedures  presented  in  Seetion  8.3.3. 

For  the  numerieal  results,  we  use  the  same  setup  and  PHY/MAC  parameters  as 
deseribed  in  Seetion  7.5,  with  the  exeeption  of  the  inelusion  of  multipath  fading.  We  eompute 
the  average  network  throughput  over  10  random  topologies  with  100  nodes  eaeh,  for  different 
values  of  the  Rieian  parameter  K  and  for  the  antenna  systems  indieated  in  Table  IT  Figure  8.1 
shows  the  numerieal  results.  The  bars  in  the  graph  indieate  the  standard  deviation  of  the 
eomputed  averages.  As  we  ean  see,  the  use  of  the  Alamouti  seheme  does  improve  performanee 
signifieantly,  espeeially  when  fading  is  strong  (small  values  of  K).  For  instanee,  the  gains  in 
average  throughput  of  the  2x6  MIMO  over  the  simplest  SISO  network  are  almost  400%  when 
K  =  5.  Improvements  in  throughput  are  pereeived  even  for  the  basie  MISO  eonfiguration, 
whieh  improves  throughput  over  SISO  in  more  than  200%  under  strong  fading,  and  about 
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125%  without  much  fading  (large  K). 


Another  important  aspect  to  observe  it  that,  as  the  number  of  receive  antennas  in¬ 
creases  (M  >  2),  the  relative  gains  in  average  throughput  diminishes  with  respect  to  the 
previous  configuration.  Therefore,  we  observe  that  adding  more  antennas  at  each  node  does 
not  give  a  linear  increase  in  performance.  As  the  number  of  antennas  increases,  the  errors  in 
the  channel  are  better  combated,  and  throughput  becomes  basically  bounded  by  the  degree 
of  contention  in  the  network.  In  other  words,  it  is  the  MAC  layer  that  limits  the  achiev¬ 
able  throughput  once  the  PHY  layer  attains  its  best  performance.  Such  results  are  expected, 
because  the  Alamouti  scheme  is  a  transmitter  diversity  scheme.  In  other  words,  it  was  not 
designed  to  provide  data  rate  increases  {capacity  gains)  through  spatial  multiplexing.  In¬ 
stead,  it  provides  a  more  robust  channel  through  diversity  and  array  gains,  as  explained  in 
Section  8.3.1. 

The  above  results  suggest  that  the  use  (or  not)  of  more  antennas  depends  on  the 
amount  of  contention  in  place,  which,  in  turn,  depends  on  the  total  number  of  nodes,  their 
distribution  in  the  terrain,  and  the  efficiency  of  the  underlying  MAC  protocol  in  scheduling 
each  node’s  transmissions.  For  the  scenarios  we  studied,  it  seems  that  the  best  trade  off  that 
can  achieved  between  the  number  of  antennas  and  the  system  complexity  is  the  2x2  MIMO 
configuration.  Using  four  or  six  antennas  does  increase  throughput,  but  the  relative  gains  are 
not  significant  enough  to  justify  the  added  system  complexity.  At  the  same  time,  the  MISO 
network  already  has  2  antennas  at  each  node,  and  the  cost  to  implement  a  2  x2  MIMO  network 
is  just  the  extra  internal  processing  of  the  signals  captured  by  the  second  antenna  already  in 
place. 
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Figure  8.1;  Average  network  throughput  versus  the  value  of  the  Rician  parameter  K  for  different 
antenna  systems.  The  results  compare  MISO  and  MIMO  Alamouti-enabled  802.11  ad  hoc  networks 
with  SISO  802.11  ad  hoc  networks. 


8.5  Conclusions 


In  this  chapter,  presented  the  first  analytical  model  for  wireless  ad  hoc  networks 
equipped  with  multiple-input  multiple-output  (MIMO)  radios  using  space-time  coding  (STC) 
that  considered  the  impact  of  the  underlying  radio-based  topology  on  network  performance. 
In  particular,  we  considered  the  application  of  space-time  block  coding  (STBC)  in  the  form  of 
a  transmitter  diversity  technique  known  as  the  “Alamouti  scheme.”  We  derived  the  effective 
signal-to-interference-plus-noise  density  ratio  (SINR)  of  the  Alamouti  scheme  under  multiple 
access  interference  (MAI),  and  we  proposed  the  moment  generating  function  (MGF)  method 
to  derive  closed-form  expressions  for  its  symbol  error  probability  under  different  modulation 
schemes  when  fading  paths  are  independent  but  not  necessarily  identically  distributed. 
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The  impact  of  the  Alamouti  scheme  on  IEEE  802.11  DCE  MAC  was  studied  by 


taking  into  account  the  impact  of  errors  in  both  control  and  data  frames,  the  carrier- sensing 
activity,  and  the  finite-retry  limit  of  frame  retransmissions,  as  derived  in  Chapter  6.  We  studied 
the  performance  of  the  Alamouti  scheme  in  IEEE  802.11  ad  hoc  networks  by  comparing  the 
relative  gains  in  performance  between  SISO,  MISO,  and  MIMO  systems.  Erom  our  results,  we 
found  that  the  Alamouti  scheme  does  improve  performance  of  IEEE  802. 1 1  ad  hoc  networks, 
especially  in  environments  where  multipath  fading  effects  are  severe.  In  addition,  we  found 
that  as  the  number  of  receive  antennas  increase,  the  relative  gains  in  performance  decrease, 
being  limited  by  the  degree  of  contention  in  the  network.  Eor  this  reason,  there  is  an  inherent 
trade-off  between  performance  and  system  complexity  when  choosing  the  appropriate  number 
of  receive  antennas. 
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Chapter  9 


Conclusions  and  Future  Work 

9.1  Conclusions 

In  this  dissertation,  we  have  introdueed  a  new  modeling  framework  for  the  analyt- 
ieal  study  of  MAC  protoeols  in  wireless  ad  hoe  networks.  The  modeling  framework  foeuses 
on  the  interaetions  between  the  PHY  and  the  MAC  layers,  and  on  the  impaet  that  eaeh  node 
has  on  the  dynamies  of  every  other  node  in  the  network.  To  aeeount  for  the  effeets  of  both 
eross-layer  interaetions  and  the  interferenee  among  all  nodes,  a  novel  linear  model  is  intro¬ 
dueed  with  whieh  topology  and  PHY/MAC-layer  aspeets  are  naturally  ineorporated  in  what 
we  define  as  interference  matrices.  A  key  feature  of  the  model  is  that  nodes  ean  be  modeled 
individually,  i.e.,  it  allows  a  per-node  setup  of  many  layer-speeifie  parameters.  Moreover,  no 
spatial  probability  distribution  or  speeial  arrangement  of  nodes  is  assumed;  the  model  allows 
the  eomputation  of  individual  (per-node)  performanee  metries  for  any  given  network  topology 
and  radio  ehannel  model. 
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Because  of  the  importance  of  the  IEEE  802.11  in  the  development  of  current  and 


future  wireless  ad  hoc  networks,  we  illustrate  the  applicability  of  our  analytical  modeling 
framework  through  the  modeling  of  wireless  ad  hoc  networks  that  operate  according  to  the 
IEEE  802. 1 1  standard.  To  accomplish  that,  we  presented  a  comprehensive  analytical  modeling 
of  the  operation  of  the  IEEE  802.11  DCE  MAC,  for  which  we  derived  many  performance 
metrics  of  interest,  such  as  delay,  throughput,  and  energy  consumption. 

The  proposed  modeling  framework  constitutes  a  tool  for  a  fast,  accurate,  and  effi¬ 
cient  evaluation  of  a  node’s  performance  for  any  system  parameter  value  and  topology  of  an 
ad  hoc  network.  Attempting  to  characterize  a  node’s  performance  only  by  simulations  would 
require  considerable  computational  effort,  specially  when  scalability  is  one  of  the  main  con¬ 
cerns.  To  be  able  to  draw  general  conclusions,  simulations  would  have  to  be  run  for  a  very 
large  number  of  network  sizes  and  topologies.  Eurthermore,  if  we  are  interested  in  evaluating 
the  impact  of  a  single  parameter  to  a  node’s  service  time,  for  instance,  simulations  would  have 
to  be  repeated  for  each  parameter  value  of  interest. 

Our  model  was  validated  through  discrete  event  simulations  using  the  popular  Qual- 
net  tool,  and  the  analytical  results  showed  a  striking  correlation  with  the  results  obtained  via 
simulation.  The  importance  of  the  analytical  model  is  that  the  time  needed  to  obtain  the  de¬ 
sired  results  takes  a  very  small  fraction  of  the  time  required  to  obtain  the  same  results  via 
discrete-event  simulations. 

We  applied  our  modeling  framework  to  ad  hoc  networks  in  which  systems  of  multi¬ 
ple  antenna  elements  are  used  in  both  ends  of  the  wireless  links.  We  provided  the  first  analyt¬ 
ical  modeling  of  wireless  ad  hoc  networks  that  considers  the  impact  of  realistic  antenna-gain 
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patterns  on  network  performanee.  As  sueh,  our  modeling  approaeh  allows  the  study  of  ad  hoe 


networks  in  whieh  nodes  are  equipped  with  directional  antennas,  i.e.,  systems  of  antennas 
that  are  able  to  transmit/reeeive  energy  over  intended  direetions,  as  opposed  to  omnidiree- 
tional  antennas,  whieh  (ideally)  radiate  or  absorb  energy  equally  well  along  all  direetions. 
This  modeling  eapability  stands  out  from  all  previous  analytieal  models,  whieh  have  only 
dealt  with  omnidireetional  or  over-simplified  antenna  gain  patterns,  and  whieh  have  not  ad¬ 
dressed  the  speeifie  meehanisms  of  the  medium  aeeess  eontrol  (MAC)  protoeols  used  (e.g.,  the 
baekoff  meehanism).  We  modeled  the  directional  virtual  carrier  sensing  (DVCS)  [114]  pro- 
toeol  to  validate  our  analytieal  model  and  show  its  applieability.  Our  numerieal  results  show 
that  our  new  analytieal  model  prediets  the  results  obtained  via  diserete-event  simulations  very 
aeeurately,  and  does  it  with  a  proeessing  time  that  us  orders  of  magnitude  faster  than  the  time 
required  by  simulations.  Furthermore,  we  show  that  the  simplistie  “pie  sliees”  used  in  prior 
analytieal  models  for  antenna  patterns  over-estimate  the  throughput  of  the  protoeols  dramati¬ 
cally  compared  to  the  results  obtained  using  realistic  antenna  patterns. 

In  addition,  we  presented  the  first  analytical  model  for  wireless  ad  hoc  networks 
in  which  nodes  are  equipped  with  multiple-input  multiple-output  (MIMO)  radios  and  use 
space-time  coding  (STC).  In  particular,  we  considered  the  space-time  block  coding  (STBC) 
technique  known  as  the  “Alamouti  scheme.”  We  derived  the  effective  signal-to-interference- 
plus-noise  density  ratio  (SINR)  of  the  Alamouti  scheme  and  closed-form  expressions  for  its 
symbol  error  probability  under  different  modulations.  The  impact  of  the  Alamouti  scheme  on 
IEEE  802. 1 1  ad  hoc  networks  was  studied  using  our  analytical  modeling  framework  and  the 
new  analytical  model  for  the  IEEE  802. 1 1  DCE  MAC  we  introduced  in  this  thesis.  We  studied 
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the  performance  of  the  Alamouti  scheme  in  IEEE  802.11  ad  hoc  networks  by  comparing  the 


relative  gains  in  performance  between  SISO,  MISO,  and  MIMO  systems.  Erom  our  results,  we 
found  that  the  Alamouti  scheme  does  improve  performance  of  IEEE  802. 1 1  ad  hoc  networks, 
especially  in  environments  where  multipath  fading  effects  are  severe.  In  addition,  we  found 
that  as  the  number  of  receive  antennas  increase,  the  relative  gains  in  performance  decrease, 
being  limited  by  the  degree  of  contention  in  the  network.  Eor  this  reason,  there  is  an  inherent 
trade-off  between  performance  and  system  complexity  when  choosing  the  appropriate  number 
of  receive  antennas. 


9.2  Future  Work 

The  analytical  modeling  framework  introduced  in  this  dissertation  can  be  extended 
in  many  ways  to  address  important  questions  and  aspects  of  wireless  ad  hoc  networks. 

In  this  dissertation,  we  focused  on  the  interactions  between  the  PHY  and  the  MAC 
layers.  Nevertheless,  the  introduced  modeling  framework  can  naturally  accommodate  the  im¬ 
pact  that  other  layers  of  the  protocol  stack  may  have  on  the  behavior  of  a  given  MAC  protocol. 
This  is  because  we  modeled  the  MAC  behavior  as  a  function  of  a  vector  ip^  used  by  a  par¬ 
ticular  MAC  protocol.  According  to  our  modeling  framework,  the  entries  in  the  vector 
represent  probabilities  of  events  “whose  outcomes  are  important  input  and/or  feedback  infor¬ 
mation  to  the  operation  of  the  MAC  protocol  in  place.”  Consequently,  the  impact  of  any  layer 
of  the  protocol  stack  can  be  represented,  in  principle,  by  any  entry  in  the  vector  p^.  In  this 
case,  the  challenge  in  the  modeling  problem  consists  of  choosing  the  appropriate  functions 
that  faithfully  represent  the  behaviors  of  the  protocol  layers  we  are  interested  in  investigat- 
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ing  and,  possibly,  their  dependencies  on  the  scheduling  rates  of  all  nodes  in  the  network,  as 


represented  by  the  functions  i/ik  in  Eq.  (5.9).  As  future  work,  the  modeling  framework  can 
be  extended  to  incorporate  the  impact  of  network  routing  operations  (network  layer)  or  the 
impact  of  transport-layer  protocols,  such  as  the  transport  control  protocol  (TCP)  used  in  the 
Internet  and  its  variants  designed  for  ad  hoc  networks. 

Given  that  the  PHY  and  the  MAC  layers  play  such  a  fundamental  role  in  the  perfor¬ 
mance  of  any  wireless  ad  hoc  network — and  because  all  other  layers  in  the  protocol  stack  rely 
on  the  PHY/MAC  performance — the  focus  on  the  modeling  of  PHY/MAC-layer  interactions 
deserves  a  study  on  its  own,  and  it  should  be  fully  exploited  in  the  design  and  optimization  of 
wireless  ad  hoc  networks.  In  fact,  contrary  to  wired  networks  and  the  Internet,  it  has  become  a 
common  belief  that  cross-layer  designs  would  largely  benefit  wireless  networks,  especially  at 
the  PHY  and  MAC  layers  [32, 106, 140].  In  this  respect,  the  modeling  framework  introduced  in 
this  dissertation  constitutes  a  suitable  platform  for  such  studies,  as  it  focuses  on  PHY/MAC- 
layer  interactions  and  represents  the  PHY/MAC  functionalities  by  taking  into  account  the 
impact  of  all  nodes  in  the  network.  Therefore,  by  using  our  analytical  modeling  framework, 
we  can  assess  not  only  the  performance  of  realistic  PHY/MAC  cross-layer  designs,  but  also 
the  impact  that  different  PHY/MAC  parameters  have  on  network  performance.  Chapters  7  and 
8  illustrate  well  the  type  of  modeling  and  performance  analysis  that  can  be  carried  out  with 
respect  to  different  choices  in  the  design  of  PHY  and  MAC  layers. 

Following  a  cross-layer  design  approach,  an  important  direction  for  future  work  is 
the  extension  of  the  work  on  MIMO  ad  hoc  networks  presented  in  Chapter  8  to  the  modeling  of 
ad  hoc  networks  that  utilize  space-time  coding  techniques  that  exploit  spatial  multiplexing  to 
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obtain  multiplexing  gains  (also  referred  to  as  capacity  gains).  In  this  dissertation,  we  explored 


a  spaee-time  eoding  teehnique  that  is  based  on  a  transmitter  diversity  seheme,  whose  main 
goal  is  to  eombat  multipath  fading.  As  showed  in  Chapter  8,  impressive  gains  in  throughput 
ean  be  aehieved  under  severe  multipath  fading  as  we  inerease  the  number  of  reeeive  antennas. 
Unfortunately,  inereasing  the  number  of  antennas  does  not  lead  to  a  linear  inerease  in  network 
throughput.  The  idea  of  using  spaee-time  eoding  teehniques  that  explore  spatial  multiplexing 
is  due  to  the  faet  that  these  teehniques  attempt  to  aehieve  the  eapaeity  gains  promised  in  the 
theory  of  MIMO  ehannels,  i.e.,  eapaeity  ean  inerease  linearly  with  the  number  of  antennas  [53, 
56].  Therefore,  an  important  extension  of  our  modeling  work  is  to  ineorporate  the  modeling  of 
spaee-time  eoding  teehniques  that  exploit  spatial  multiplexing.  In  faet,  a  fundamental  design 
question  in  MIMO  systems  is  whether  one  should  use  multiple  antennas  to  obtain  diversity 
gain,  multiplexing  gain,  or  both  [56].  The  diversity /multiplexing  tradeoff  has  been  studied 
extensively  in  the  literature  [51, 142, 148],  but  not  in  the  eontext  of  ad  hoe  networks  and  their 
interaetions  with  different  MAC  protoeols.  Therefore,  our  analytieal  modeling  framework 
ean  be  used  to  investigatd  the  advantages  and  disadvantages  in  the  ehoiee  of  different  spaee- 
time  eoding  teehniques  when  applied  to  ad  hoe  networks  with  speeifie  MAC  protoeols  under 
different  radio-ehannel  eonditions. 

Another  important  aspeet  that  is  related  to  the  PHY  layer  is  the  investigation  of 
radio-ehannel  propagation  models  that  allow  the  modeling  of  ad  hoe  networks  under  more  re- 
alistie  seenarios,  sueh  as  the  use  of  propagation  models  that  take  into  aeeount  the  3-dimensional 
topology  aspeets  of  a  terrain  and  their  respeetive  impaet  on  symbol  error  probabilities  of  dif¬ 
ferent  modulation  sehemes. 
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In  this  dissertation,  we  showed  the  applieation  of  our  analytieal  modeling  frame¬ 


work  in  the  modeling  of  IEEE  802.11  ad  hoe  networks.  The  IEEE  802.11  DCE  MAC  uti¬ 
lizes  a  variant  of  the  popular  earrier- sensing  multiple  aeeess  (CSMA)  seheme  [73],  whieh  is 
a  contention-based  MAC  protoeol.  In  eontention-based  MAC  protoeols,  some  random  ac¬ 
cess  scheme  is  employed  as  a  meehanism  to  grant  nodes  aeeess  to  the  available  ehannel(s). 
Hence,  contention-based  MAC  protocols  are,  inherently,  probabilistic  systems.  Consequently, 
we  can  use  our  modeling  framework  to  model  this  class  of  MAC  protocols  and  its  variants. 
In  addition,  our  modeling  framework  can  also  be  used  in  the  modeling  of  scheduled-based 
MAC  protocols.  Scheduled-based  MAC  protocols  attempt  to  prearrange  or  negotiate  a  set  of 
timetables  for  nodes  to  have  access  to  the  channel.  As  it  is  well-known,  optimal  solutions 
for  channel  access  scheduling  in  ad  hoc  networks  (in  the  sense  of  multihop  networks)  often 
results  in  NP-hard  problems  [37,40,98].  Consequently,  proposed  solutions  to  channel  access 
scheduling  must  rely  on  some  type  of  heuristic  that  leads  to  sub-optimal  solutions.  It  turns  out 
that  many  of  the  proposed  solutions  for  scheduled-based  MAC  protocols  are  based  on  the  as¬ 
sumption  that  ad  hoc  networks  can  be  treated  as  simple  graphs  [28,37,97].  As  we  discussed  in 
this  dissertation,  interference  in  ad  hoc  networks  can  happen  from  every  node  in  the  network 
and,  consequently,  the  view  of  an  ad  hoc  network  as  a  “graph  that  interconnects  neighbors” 
is  misleading,  and  it  does  not  reflect  what  really  happens  under  a  radio-based  channel.  More¬ 
over,  many  of  the  proposed  solutions  for  scheduled-based  MAC  protocols  either  employ  some 
sort  of  “election  scheme”  based  on  some  probabilistic  function  [7, 8],  or  employ  the  exchange 
of  messages  (handshakes)  to  resolve  scheduling  conflicts  [116, 149].  Consequently,  due  to 
the  random  behavior  of  the  proposed  election  schemes  and  the  propagation  effects  of  radio 
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channels,  all  such  MAC  protocols  can  be  modeled  according  to  a  probabilistic  framework. 


Last,  but  not  least,  even  if  optimal  channel  access  scheduling  was  feasible,  the  radio  channel 
propagation  effects  are  random  in  nature  and,  consequently,  unsuccessful  frame  receptions 
can  happen  at  the  intended  receiver.  Therefore,  even  under  perfect  channel  access  scheduling, 
acknowledgments  (ACKs)  are  expected  to  be  sent  to  guarantee  that  a  frame  is  successfully 
received  at  the  intended  receiver  (MAC-level  reliable  delivery  service).  In  this  case,  again, 
we  need  to  deal  with  probabilities  of  successful  frame  exchanges,  which  could  be  treated 
according  to  the  framework  introduced  in  this  dissertation. 

Based  on  previous  considerations,  an  interesting  venue  for  future  work  is  the  ap¬ 
plication  of  our  modeling  framework  in  the  modeling  of  scheduled-based  MAC  protocols  and 
their  performance  evaluation  compared  to  the  class  of  contention-based  MAC  protocols.  It  has 
been  shown  that  scheduled-based  MAC  protocols  perform  generally  better  than  contention- 
based  MAC  protocols.  However,  such  performance  comparisons  have  been  done  based  on 
unrealistic  assumptions  regarding  the  PHY  layer  and  other  network  aspects  (e.g.,  assumptions 
on  accurate  knowledge  of  complete  network  topology  or  the  two-hop  neighborhood).  To 
date,  the  literature  still  lacks  a  fair  comparison  between  both  class  of  protocols  that  takes  into 
account  the  underlying  radio  channel  propagation  effects  and  the  possible  inaccuracies  (and 
intrinsic  delays)  of  scheduled-based  MAC  protocols  on  acquiring  key  information,  such  as 
(complete  or  partial)  network  topology,  as  an  example.  In  this  sense,  our  modeling  framework 
could  be  used  to  assess  the  true  advantages/disadvantages  of  both  class  of  MAC  protocols  in 
ad  hoc  networks. 

A  characteristic  of  the  modeling  framework  introduced  in  this  dissertation  is  that 
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nodes  are  assumed  to  be  static  in  the  terrain,  i.e.,  there  is  no  mobility.  In  spite  of  this  con¬ 


straint,  some  of  the  most  important  applications  envisaged  for  ad  hoc  networks  deal  with  static 
networks.  This  is  the  case  of  many  applications  for  sensor  networks  (which  can  be  viewed  as 
special  types  of  ad  hoc  networks),  and  the  so-called  wireless  mesh  networks,  which  are  a  fast¬ 
growing  emerging  technology  that  is  regarded  as  a  flexible  and  low-cost  extension  to  wired 
infrastructure  networks  [3, 14].  Therefore,  our  modeling  framework  can  be  used  in  the  study 
of  specific  PHY/MAC-layer  designs  tailored  to  these  types  of  networks.  In  particular,  the 
sufficient  conditions  for  feasible  network  configurations  provided  in  Chapter  5  can  be  used  in 
the  dimensioning  and  optimization  of  network  scenarios  typical  of  these  classes  of  wireless 
ad  hoc  networks. 

Regarding  the  modeling  of  IEEE  802. 1 1  ad  hoc  networks,  some  directions  for  future 
work  include  the  design  of  an  analytical  model  that  is  able  to  incorporate  the  two  retry  counters 
of  the  IEEE  802.11  DCE  MAC.  As  discussed  in  Chapter  6,  the  dynamics  of  the  two  retry 
counters  may  have  an  impact  on  the  fairness  of  the  IEEE  802.1 1  DCE  MAC  and,  consequently, 
on  the  accuracy  of  the  analytical  model.  Hence,  a  faithful  model  of  the  IEEE  802.11  DCE 
MAC  should  contain  both  retry  counters.  Parallel  to  this,  the  modeling  of  the  IEEE  802.11 
DCE  MAC  can  be  improved  if  an  investigation  of  the  fundamental  reasons  for  the  fairness 
issues  typical  of  the  IEEE  802. 1 1  DCE  MAC  can  be  incorporated  directly  into  the  analytical 
model. 

Another  topic  that  deserves  special  attention  with  respect  to  the  IEEE  802.11  is 
the  modeling  of  its  energy  consumption  in  multihop  ad  hoc  networks  when  physical  layer 
aspects  are  taken  into  account.  In  this  dissertation,  we  only  dealt  with  the  modeling  of  en- 
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ergy  consumption  in  single-hop  networks  under  ideal  conditions.  The  investigation  of  energy 


consumption  in  multihop  scenarios  may  lead  to  a  better  understanding  of  the  appropriate  se¬ 
lections  of  power/rate  settings  under  different  channel  conditions  [91,94],  and  may  lead  to 
innovative  power-saving  mechanisms  for  the  IEEE  802.11  DCE  MAC. 

Eor  completeness,  a  very  challenge  problem  is  that  of  modeling  IEEE  802. 1 1  ad 
hoc  networks  under  non- saturation  conditions.  Real  networks  are  generally  expected  to  op¬ 
erate  under  non-saturation  conditions  (nodes  may  not  always  have  packets  to  be  sent).  To 
accomplish  that,  we  need  to  extend  the  modeling  of  the  IEEE  802. 1 1  DCE  MAC  to  incorpo¬ 
rate  its  behavior  when  no  packet  is  available  at  the  head  of  a  node’s  input  queue.  In  this  case, 
we  need  to  obtain  not  only  the  appropriate  model  for  the  IEEE  802.1 1  DCE  MAC  under  non¬ 
saturation  conditions,  but  also  the  development  of  the  respective  performance  metrics,  such  as 
throughput  and  average  delay. 

East,  but  not  least,  another  important  venue  for  future  work  is  the  study  of  network 
capacity  under  specific  PHY/MAC  layers.  To  date,  the  majority  of  the  work  on  network 
capacity  follows  the  seminal  work  by  Gupta  and  Kumar  [59],  which  makes  rather  general 
assumptions  about  the  PHY  and  the  MAC  layers  (especially  the  MAC  layer).  In  spite  of  the 
importance  of  such  studies,  a  gap  still  remains  on  the  study  of  capacity  of  networks  under 
specific  PHY  and  MAC  layers,  and  fhe  impacf  fhaf  relevanf  PHY/MAC-layer  paramefers  may 
have  on  nefwork  capacify.  We  believe  fhaf  our  modeling  framework  allows  fhe  sfudy  of  nol 
only  nefwork  capacify  under  fhe  perspective  of  scalabilify  laws  for  specific  PHY/MAC  layers, 
buf  if  also  provides  a  framework  for  network  optimization  and  network  dimensioning  based  on 
fhe  sufficienl  conditions  for  feasible  nefwork  configurafions  provided  in  Chapfer  5. 
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